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Abstract 
The ecosystem services concept emphasizes the benefits societies obtain from ecosystems. 
These benefits include the production of food and clean water, the regulation of floods, provision for 
recreation and scenic beauty, a connection to place, and inspiration. Ecosystem services have become 
popular within both scientific and policy circles as a means to document the value humans place on 
ecosystems, evaluating these benefits from nature and using the resulting knowledge to inform land-
use management decisions. The integration of ecosystem services into decision-making, nevertheless, 
remains challenging. The research that comprises this thesis provides a comprehensive framework 
for strengthening the dialogue between ecosystem services assessment and decision-making. My case 
studies focus on critical challenges in the translation and transformation of ecosystem services as a 
concept, to a component that improves environmental decision-making. 
 
Numerous assessments have quantified, mapped, and valued ecosystem services. However, 
much of the literature fails to clarify how the information gathered in such assessments can be used 
to inform decisions that will affect ecosystem services. I propose a framework for making decisions 
for ecosystem services adapted from decision science and synthesize the degree to which the peer-
reviewed ecosystem services literature has captured these steps. I find that the ecosystem services 
literature has not covered all the steps of a formal decision-making process. For the ecosystem service 
paradigm to gain traction in science and policy arenas, future ecosystem service assessments should 
have clearly articulated objectives and meet user-related measures for ecosystem services, seek to 
evaluate the consequences of scenario alternatives, and facilitate closer engagement between 
scientists and stakeholders. 
 
There is a paucity of studies of ecosystem services assessments under global change, 
particularly in the developing countries of Latin America. I demonstrate a rapid assessment of the 
impacts of global change on key ecosystem services in the data-sparse region of Central Chile. This 
approach translates expert-derived qualitative scenario storylines into quantitative spatial predictions 
of the combined effects of climate change, urbanization and fire events on the future provision of 
carbon storage, wine production, and scenic beauty for the year 2050. I find that the cumulative 
impacts of climate change and urbanization are likely to place considerable pressure on ecosystem 
services in Central Chile by mid-century revealing the need for stronger planning regulations to 
manage land-use change. 
 
In environmental decision-making, there is increasing attention towards equity of access to 
ecosystem services, and in conservation implementation. In central Chile, distribution of ecosystem 
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services must be considered within the context of substantial economic and social inequity. I develop 
a user-related measure to assess the accessibility of the population to the protected area network.  I 
assess the level of fairness of the distribution of cultural ecosystem services benefits at a regional 
scale using data on visits to protected areas derived from geotagged photographs posted on social 
media. I explore underlying socioeconomic variables explaining the distribution of cultural ecosystem 
services benefits and identify landscape attributes of the protected areas influencing social 
preferences. This approach reveals that the distribution of benefits from nature visits is unequal in 
this region — wealthier people visit protected areas that are further away while people with lower 
incomes visit protected areas that are closer to home. Larger protected areas, and those that are more 
biodiverse are the most visited. By providing information on the spatial flows of people to protected 
areas, I demonstrate the opportunities for expansion of the protected area network to improve 
equitable access to the benefits provided by nature  
 
I explore the cost-effective expansion of the protected area network with the main objective 
of achieving biodiversity targets while also increasing social accessibility to the benefits provided by 
protected areas. I highlight spatial priority areas for conservation scenarios: (i) minimizing land 
acquisition cost, (ii) maximizing social accessibility seeking to minimize the extent to which people 
will have limited access to protected areas, and (iii) minimizing the trade-off between cost and 
accessibility. The trade-off scenario illustrated that it is possible to expand the protected area network, 
increasing social accessibility and increasing biodiversity representation while minimizing cost. This 
scenario suggested that social accessibility could be improved by 40% and biodiversity by 70% at an 
increase in cost of only 33%. Expanding the protected area network to achieve conservation with the 
joint aims of enhancing social accessibility and reducing land cost could potentially increase the 
success of protected areas as a conservation tool by bringing people closer to nature. 
 
Finally, I provide a synthesis of the thesis, highlighting key contributions to the ecosystem 
services research agenda, and ways in which ecosystem services science should advance by 
presenting key challenges to be tackled in future research. This thesis advances the field by applying 
decision science to ecosystem services assessments, providing evidence for incorporating ecosystem 
services into land-use decision-making that is transferable and can help to achieve ambitious 
international policy goals.  
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1. INTRODUCTION 
 
The confluence of current trends in population growth, urbanization, and economic 
development are causing increasing pressures on land cover, climate, biogeochemical cycles, and 
biodiversity (Foley et al. 2005, MEA 2005b, Schröter et al. 2005, Rockström et al. 2009). Signs of 
escalating and compounded stresses are evident at global, national and local levels and are reflected 
in local and regional scarcities of water, widespread land degradation and loss of biodiversity (Griggs 
et al. 2013). The consequences of biodiversity loss for ecosystem functioning, the provision of 
ecosystem services, and ultimately for the wellbeing of humans, have been identified as concerns 
among the scientific community (Hooper et al. 2005, Balvanera et al. 2006, Díaz et al. 2006, Worm 
et al. 2006, Cardinale et al. 2012). 
 
The ecosystem services concept emphasizes the multiple ways humans benefit from 
ecosystems (Schröter et al. 2014b, Gunton et al. 2017). It embraces the multidimensional analysis of 
the benefits provided by nature with a broad view of sustainable development and human wellbeing 
(MEA 2005b, Bürgi et al. 2015, Bennett 2016, Gunton et al. 2017). The monetary or non-monetary 
quantification and valuation of ecosystem services, allows for these benefits to be brought into 
decisions from which they are usually absent. This has the potential to result in decision-making 
processes that take into account the benefits that nature provides to people facilitating communication 
and collaboration between scientists, practitioners, decision-makers, and other stakeholders. 
 
The integration of the ecosystem services paradigm in conservation decision-making has been 
questioned by recent critiques claiming that the concept is vaguely defined and that the framework 
takes a narrow approach focusing on economic valuation (Silvertown 2015, Gunton et al. 2017). The 
counterpart research community (Schröter et al. 2014b, Potschin et al.2016 , Schröter and van 
Oudenhoven 2016, Wilson and Law 2016), embraces the ecosystem services concept for its potential 
to address the ongoing biodiversity crisis with a holistic perspective reflecting the dependence of 
human on natural ecosystems. Nonmaterial, intangible values, which are important for facilitating the 
inclusion of diverse values and ethics, can also be captured by the cultural services categories. 
1.1 Biodiversity and ecosystem services  
Some ecologists have expressed concern that ecosystem services are used as the conservation 
goal itself at the expense of biodiversity-based conservation goals (Schröter et al. 2014b). Examples 
have emerged of conservation planning being based only on ecosystem services provision objectives, 
which might not safeguard biodiversity (Anderson et al. 2009). On the other hand, the ecosystem 
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services framework acknowledges the empirical evidence that demonstrates how biodiversity 
underpins the ecosystem conditions and processes that impact on the provision of ecosystem services 
(Balvanera et al. 2001, Balvanera et al. 2006, Haines-Young and Potschin 2010, Cardinale et al. 2012, 
van Oudenhoven et al. 2012, Bennett et al. 2015, Balvanera et al. 2017).  
 
Mace et al. (2012) propose that biodiversity plays a multilayered role in ecosystem services 
provision. This means that biodiversity is related to ecosystem services through a variety of 
mechanisms operating at different spatial scales and regulating the state, the rates and stability of 
ecosystem processes and services (Cardinale et al. 2012, Mace et al. 2012). More importantly it is 
proposed that biodiversity provides the evolutionary building blocks of life and provide the adaptive 
capacity through its continued ability to support ecosystem services provision in the face of rapidly 
changing selective pressures (Mace et al. 2014). 
 
In this thesis I do not aim to clarify the complex relationships between biodiversity and 
ecosystem services but acknowledge that they exist. Instead I emphasize the need to consider the 
complementary roles of both objectives in conservation decision-making. Several initiatives focused 
on ecosystem services (e.g. REDD+ and payments for ecosystem services) aim to broaden 
biodiversity conservation, which can help improve the relevance of conservation plans (Pascual and 
Perrings 2007, Bennett et al. 2015).  
1.2 Ecosystem services in science  
Ecosystem services have become a popular scientific pursuit (Costanza et al. 1997, Wallace 
2007, De Groot et al. 2010). There has been a substantial growth in ecosystem service studies: for 
example if we look on the web of science between 2003 and 2016 there are almost 15,000 peer-
reviewed publications containing the word ecosystem services. This popularity has led to significant 
progress in quantifying, mapping and modeling the provision of ecosystem services (Seppelt et al. 
2011, Martínez-Harms and Balvanera 2012, Boerema et al. 2016). Much of this work has been 
purportedly directed toward improving environmental decision-making (Bennett et al. 2015, 
Martinez-Harms et al. 2015, Runting et al. 2016). Indeed, the concept has clarified the multiple 
benefits humans derive from ecosystems, evaluating and quantifying these benefits, and identifying 
how these might be factored into land-use management decisions. 
 
As its popularity has grown, scientists began to report on key research gaps that are limiting 
our ability to use ecosystem services science to improve decision-making. These have included the 
lack of a robust theory linking biodiversity to ecosystem services (Mace et al. 2012); poor 
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quantification of ecosystem services without distinguishing between capacity of ecosystems to 
provide services, demand for services, and flow of services to people (Boerema et al. 2016); 
quantification that is still based on static analyses, ignoring uncertainty and feedbacks between 
ecosystem services and drivers of change (Nicholson et al. 2009, Runting et al. 2016); lack of 
empirical data to assess services especially with adequate historical records (De Groot et al. 2010); 
tendency to overlook the role of landscape configuration in providing ecosystem services (Mitchell 
et al. 2015), and the limited understanding of the role of policies, trade, technology, and other human 
actions on the provision of ecosystem services (Reyers et al. 2013).  
1.3 Ecosystem services in policy 
Although the term “ecosystem services” first emerged with the publication of Nature’s 
Services in 1997 (Daily 1997), its popularity quickly rose after the Millennium Ecosystem 
Assessment (MEA 2005b). The Millennium Ecosystem Assessment (MEA) has been the most 
ambitious initiative with more than 1360 experts promoting the ecosystem services paradigm as a 
policy tool to improve human wellbeing. This assessment aimed to assess the current state of and 
trends in ecosystems and the benefits they provide to people around the world, understand and 
visualize the potential future provision of ecosystem services, and discover how societies can respond 
to these changes with policies that help maintain the sustainable provision of ecosystem services. It 
was documented that in the last 50 years 60% of ecosystem services have been degraded. Since the 
MEA, the concept of ecosystem services has gained increasing attention, and international 
conservation policy and governments have started to incorporate the ecosystem services concept in 
their policy agendas (see Figure 1.1). 
 
At the global scale, the Parties to the Convention on Biological Diversity recognized the 
importance of safeguarding the provision of ecosystem services [(CBD 2010) Strategic Goal D within 
the Strategic Plan for Biodiversity 2011-2020]. The UNEP Intergovernmental Science-Policy 
Platform on Biodiversity and ecosystem services (IPBES) have been constituted to strengthen the 
science–policy interface for the conservation of biodiversity, ecosystem services, and human 
wellbeing (Díaz et al. 2015). IPBES is undertaking assessments of existing knowledge in response to 
governments’ and other stakeholders’ requests. Regionally, the European Union Biodiversity 
Strategy for 2020 has been developed to halt the degradation of ecosystem services, map and assess 
the state of ecosystems and their services in their national territories, assess the economic value of 
such services, and promote the integration of ecosystem services values into accounting and reporting 
systems at European Union and national levels by 2020. At the national scale, governments in 
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Australia and Mexico are incorporating ecosystem services and natural capital into their national 
accounting systems (Ruckelshaus et al. 2015). 
 
Figure 1.1 Research on ecosystem services from 2005, showing a rapid increase from when The 
Millennium Ecosystem Assessment was released and the increasing number of papers about ecosystem 
services in policy and decision making (using the same keywords of the literature review of Chapter 
2). 
 
Despite the importance of initiatives such as the Millennium Ecosystem Assessment  and 
IPBES in bringing the ecosystem services concept to the attention of international policy,  key caveats 
have been identified that still challenge the uptake of ecosystem services in policy  (Berbés-Blázquez 
et al. 2016). In Chapter 2 I suggest that if ecosystem service science is to gain traction in policy, 
scientists must better articulate objectives, evaluate consequences of alternative management actions, 
and work more closely with stakeholders (Martinez-Harms et al. 2015). There is an evident need for 
transdisciplinary and integrated science to make ecosystem services science practical and useable by 
land/sea-use decision-makers.  
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1.4 Ecosystem service framework adapted in this thesis 
Numerous frameworks that link human wellbeing with the provision of ecosystem services 
have been developed during the past two decades and are rapidly evolving (MEA 2005b, Boyd and 
Banzhaf 2007, De Groot et al. 2010, Haines-Young and Potschin 2010, Sukhdev 2010, Tallis et al. 
2012, van Oudenhoven et al. 2012, Díaz et al. 2015, Maseyk et al. 2016). The focus of the frameworks 
has been on understanding the mechanisms behind the provision of ecosystem services, the structure 
and function of ecological systems relevant to a service (the supply), the service actually used or 
enjoyed by people (the ecosystem service), and the change in human wellbeing that results (the 
benefit) (Haines-Young and Potschin 2010, Tallis et al. 2012, Mitchell et al. 2015).  
 
Recent ecosystem service frameworks address ecosystem service assessments from the supply 
to the demand, but also covering three value domains of ecosystem services: biophysical, socio-
cultural, and monetary (Martín-López et al. 2014).  For example, the supply side addresses the domain 
of biophysical value representing ecosystem service potential delivery while the demand  side refers 
to benefits to human well-being that have a socio-cultural and/or monetary value (Martín-López et 
al. 2014). The conceptual framework of the IPBES proposes three basic elements constituting a 
social-ecological system operating at different temporal and spatial scales: nature, nature’s benefits 
to people (similar to the ecosystem service concept but embracing other worldviews and knowledge 
systems), and a good quality of life (Diaz et al. 2015). Recently the IPBES has launched the inclusive 
valuation of nature’s benefits to people in decision-making which has been targeted to science-policy 
initiatives which highlights a pluralistic approach to recognize the multiple values that different 
stakeholder groups hold on nature’s benefits (Pascual et al. 2017). 
 
While the breadth of approaches has facilitated progress in ecosystem services assessments,  the 
different terminology among frameworks can inhibit managers and decision-makers from choosing 
an approach appropriate to their needs (Villamagna et al. 2013). The key is finding a flexible and 
adaptive approach that still allows consistency while avoiding rigid, one-size-fits-all frameworks. In 
this thesis, I used an adapted version of the most relevant and recent frameworks (MEA 2005b, De 
Groot et al. 2010, Haines-Young and Potschin 2010, van Oudenhoven et al. 2012, Bennett et al. 2015) 
to show how ecosystem services are provided and how services benefit people (Figure 1.2). 
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Figure 1.2 The main elements of the ecosystem services framework (i) the supply of ecosystem 
services, (ii) the ecosystem services provision mediated by ecosystem processes and functions, (iii) 
the benefits contributing to human wellbeing, (iv) human responses in the form of preferences for 
ecosystem services and policy decisions developed for landscape management and (v) driving forces. 
These components of ecosystem services feed back into the way social-ecological systems are 
managed and governed while such decisions, in turn, modify social-ecological conditions. Pictures 
by Dieter Tracy and Jane Hawkey from the IAN image library (http://ian.umces.edu/imagelibrary/). 
 
Supply. The characteristics of ecosystems and landscapes, such as species composition, tree cover, 
climatic conditions and landscape configuration, modulate the nature and magnitude of ecosystem 
services that can flow to societies (Balvanera et al. 2006). Societies are deeply embedded within 
ecosystems, depending on and having impacts on them (Collins et al. 2011). The supply refers to the 
potential contribution of a social-ecological system to a service (Tallis et al. 2011, Martín-López et 
al. 2014). Ecosystem condition (e.g. amount of water available) and processes (e.g. primary 
productivity), as well as the way ecosystems are managed, are taken into account when determining 
supply. In this framework, biodiversity is considered to support ecosystem functions and processes.  
 
The flow of ecosystem services (see Figure 1.2) is defined as the delivery of an ecosystem service to 
society depending on the supply and demand for a service as well as the movement of species, matter 
and people (Mitchell et al. 2015). Ecosystem services depend on the flows between ecosystem service 
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supply and people’s location, activities and societal factors determining access to services (Tallis et 
al. 2011). 
  
Ecosystem services refers to how is the delivery of services to people requiring information 
concerning the demand ( the level of service provision required or desired by people) and the actual 
use of ecosystem services (see Figure 1.2). For example this refers to how the service is delivered to 
societies through the flow of services (e.g. spatial location of those benefiting from flood regulation) 
and used (e.g. amount of timber harvested) providing a benefit to human wellbeing, and how societies 
have access to the services (e.g. regulations limiting access to a service) (Burkhard et al. 2012, 
Crossman et al. 2013). Three types of ecosystem services can be distinguished (MEA 2005b, Wallace 
2007, Sukhdev 2010). Provisioning services are the goods that can be extracted and consumed from 
ecosystems and are often already valued in markets, like water, food, wood and biofuels (Sukhdev 
2010). Regulating services are the benefits derived from the regulation of ecosystem processes, such 
as the regulation of climate, soil fertility or floods (Sukhdev 2010). Cultural services are the intangible 
benefits that emerge from interactions between humans and nature (Chan et al. 2012), for instance 
sense of identity, spiritual value, aesthetic value and cognitive development.  
 
Driving forces are natural or human-induced factors that can influence the ecosystem, either directly 
(e.g. through climate change or environmental pollution) or indirectly (e.g. through changes in 
demography or economy) (MEA 2005b, Collins et al. 2011). Analysis of historical and current drivers 
of change is needed to identify key social-ecological features that help cope with disturbances, 
making the system resilient while maintaining a diverse and preferred set of ecosystem services for a 
diversity of beneficiaries (Bennett et al. 2015). Understanding how ecosystem services provision 
might change over time is a prerequisite for securing a global future that can meet the sustainable 
provision of multiple ecosystem services (Schröter et al. 2005, Rockström et al. 2009, Bateman et al. 
2013). The use of scenarios can show possible trends in ecosystem services, the impact of new drivers 
and the related impacts on the wellbeing of future generations.  
 
In Chapter 3, I assess several ecosystem services addressing a critical caveat that was found 
in Chapter 2 (Martinez-Harms et al. 2015) by evaluating consequences of scenario alternatives 
applied to a case study in Latin America. I assess changes in provisioning, regulating and cultural 
ecosystem services (e.g. wine production, carbon storage and scenic beauty). The developed scenarios 
depicting plausible future changes predicted that interactions between land-use and climate will give 
rise to favourable conditions for fire propagation, putting substantial pressure on ecosystem services 
and especially on wine production, an important economic activity of the region.  
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Benefits contributing to human wellbeing accounts for the change in human wellbeing after an 
ecosystem service is delivered and used by society (Diaz et al. 2015). Changes in nutrition and health 
status, mortality rates, security under extreme environmental events, living standards, levels of 
happiness and social conflicts partially depend on ecosystem services (Balvanera et al. 2017). The 
multiple ways in which societies differentially account for ecosystem services are the values (van 
Oudenhoven et al. 2012, Gunton et al. 2017, Pascual et al. 2017). The values cover wide a variety of 
use and non-use situations, which can have direct (e.g. economic value of timber), indirect (e.g. 
mangrove swamps providing storm protection), existence (e.g. benefit of knowing that an ecosystem 
exists) and bequest (e.g. benefit of knowing that an ecosystem will be around for future generations) 
subcomponents (Barbier 2012, Pascual et al. 2017). More importantly, different people have different 
values and preferences for ecosystem services (Hein et al. 2006).  
 
In Chapter 4 using social media data, I evaluate the distribution of nature-based recreation. 
This novel source of data could facilitate cost-effective future studies of social preferences for cultural 
ecosystem services and other values that motivate conservation. Following a stock-flow logic, it is 
assumed that improving the supply of ecosystem services linearly would improve human wellbeing. 
But this supposed improvement is not necessarily the case, given that underlying power relations 
impact the final distribution of benefits (Berbés-Blázquez et al. 2016). In this thesis, I develop user-
related measures for cultural ecosystem services based on a database of the location of visitors to the 
protected area system and explore the distribution of benefits from visits to protected areas among 
social segments of society. 
 
Human responses: preferences, policy/decision-making and land-use management. Diverse 
stakeholders have different preferences for various ecosystem services based on their worldview, 
cultural background and individual interests (Hein et al. 2006, Pascual et al. 2017). Knowing people’s 
preferences enables decision-makers to determine how people value ecosystem services (De Groot et 
al. 2010, Chan et al. 2012). This social process facilitates the development of policies that maintain 
and conserve preferred ecosystem services. Policy and decision-making provide pre-conditions, 
constraints and incentives for land-use management (Fisher et al. 2009). Decisions modify social-
ecological conditions which can result in trade-offs or synergies between the different management 
alternatives applied (Howe et al. 2014). Understanding the effect of land-use decisions on access to 
ecosystem services is critical to improving land-use management.  For example in Chapter 5 I 
explore this section of the framework by looking at ways to cost-effectively expand the current 
protected area network by increasing social accessibility to the benefits provided by protected areas.  
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Spatial and Temporal scales. The elements of the framework occur and interact at different scales 
and management levels, so the framework can be applied locally, regionally and globally. Moreover, 
the scale at which one ecosystem service is supported often determines which stakeholder group may 
benefit from it (e.g. different scales of biophysical processes determining the supply of ecosystem 
services or drivers of change operating at different scales) (Diaz et al. 2015). The scales are crucially 
important due to the potential trade-offs between immediate and long-term consequences of 
management strategies, and local versus global effects on the provision of ecosystem services 
(Scholes et al. 2013). Because of these trade-offs, consideration of temporal and spatial scales will 
influence decisions, drivers, strategies and their consequences. Scale is also critical with respect to 
the permanence and additionality of strategies and leakage of threats, either spatially or temporally.  
 
I address temporal scales in Chapter 3 by addressing changes on ecosystem services in time 
according to assumptions for climate change and urbanization projections (including the business as 
usual scenario). This information is critical, contributing to our growing understanding of the 
influence of global change on ecosystem services and highlighting the urgent need for institutional 
responses better able to steer us towards a more desirable future. I also address spatial scales by the 
development of studies at multiple scales (e.g., Chapter 3 is developed at local scale while Chapter 
4 and 5 are developed at regional scales), delineating guidelines for decision-makers to incorporate 
ecosystem services into land-use policy according to the spatial context. This adapted ecosystem 
services framework provides a conceptual approach to assess and map biophysical flows and social 
values coming from ecosystems in this thesis.   
1.5 Quantification and mapping of ecosystem services 
The incorporation of ecosystem services into decision-making is dependent on the availability 
of spatially explicit information on the state and trends of ecosystems and their services (Maes et al. 
2012, Wolff et al. 2015, Lavorel et al. 2017). Management decisions need to be based on reliable 
estimates of current and expected trends in ecosystem service provision and their economic values, 
taking into account the spatial distribution of the natural resources providing the services (Lavorel et 
al. 2017). Ecosystem services maps highlight key areas of ecosystem services supply, demand and 
flow (Burkhard et al. 2012, Wolff et al. 2015). They also allow the assessment of spatial trade-offs 
and synergies among multiple options to prioritize alternatives that meet acceptable levels of 
ecosystem services and biodiversity to ultimately  improve land-use management (Seppelt et al. 2011, 
Martínez-Harms and Balvanera 2012, Boerema et al. 2016). 
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A range of modeling techniques has been used to map ecosystem services (Martínez-Harms 
and Balvanera 2012, Malinga et al. 2015, Schröter et al. 2015). These models range from simple 
methods linking land cover data and constant ecosystem services values from the literature, to more 
complex process based models simulating ecosystem services dynamics over space and time 
(Martínez-Harms and Balvanera 2012, Grêt-Regamey et al. 2017, Lavorel et al. 2017). There are 
different decision support tools for ecosystem services mapping, such as ARIES to model and map 
ecosystem service flows and InVEST (Bagstad et al. 2013). InVEST is a suite of deterministic open-
access ecosystem service models based  on land/sea cover data and other environmental variables that 
transfer ecosystem services values using ecological production functions (Sharp et al. 2016). In this 
thesis I used the InVEST tourism and recreation model to map visits to protected areas in 
Mediterranean Chile (see Chapter 4). 
 
The spatial distribution of ecosystem services is going to be highly dependent on the methods 
used (Anderson et al. 2009, Eigenbrod et al. 2010, Wolff et al. 2015). The choice of an ecosystem 
service spatial model will depend on the level of accuracy needed for the decision-making application 
and this determines how complex the spatial models need to be (Anderson et al. 2009, Eigenbrod et 
al. 2010, Schröter et al. 2015, Lavorel et al. 2017). It also depends on data availability and budget 
constraints associated with building the desired maps. Many policy applications often involve large 
spatial scales (e.g. national, regional, provincial) for which gathering primary data would involve 
significant investment beyond what is available (Wong et al. 2015). For this reason, several studies 
in data poor regions have developed new techniques specific to their regions and problem context 
(Law et al. 2015, Martínez-Harms et al. 2016) and exemplified in Chapter 3 (Martinez Harms et al. 
2017a) and Chapter 4 of this thesis. 
1.6 Planning for the conservation and management of ecosystem services  
The ability of conservation planning approaches to reflect differential contributions of the 
landscape to biodiversity targets and ecosystem services holds much potential for an integrated 
ecosystem services planning agenda (Reyers et al. 2012a, Langemeyer et al. 2016). Targeting 
ecosystem services in conservation planning may achieve many biodiversity targets under an 
attractive easy-to-sell umbrella of services, while at the same time improving the relevance of 
conservation plans to human wellbeing (Luck et al. 2012). However, there is a still unresolved debate 
about the extent to which the components of biodiversity should correspond with ecosystem services 
provision (Chan et al. 2011, Reyers et al. 2012b, Schröter et al. 2014b) and about the extent to which 
considering ecosystem services in decision-making matches with biodiversity conservation 
objectives. 
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In a conservation decision-making context, ecosystem services can be seen as benefits of 
conservation (many cultural and regulating services), or in the case of extractive provisioning services 
as an opportunity cost of conservation since their use may become restricted (Chan et al. 2011, 
Schröter et al. 2014a). Trade-offs between provisioning services, such as intensive agricultural 
production, and other ecosystem services (Bennett et al. 2009, Howe et al. 2014, Zheng et al. 2016) 
and biodiversity protection (Chan et al. 2006, Anderson et al. 2009, Cimon-Morin et al. 2014) require 
choices to be made on whether and where to protect. Spatial conservation planning has been 
developed as a way to maximize the benefit of scarce conservation resources and efforts, including 
land, funds and time (Margules and Pressey 2000, Pressey et al. 2007, Morán-Ordóñez et al. 2017). 
 
Spatial conservation planning is focused on representation of multiple biodiversity features 
over the landscape taking into account threat, vulnerability, adequacy, and cost (Margules and Pressey 
2000, Pressey et al. 2007, Pressey and Bottrill 2008, Carwardine et al. 2009, McIntosh et al. 2017). 
Reserve configuration is solved using heuristic optimization methods (Moilanen 2008, Moilanen et 
al. 2009). Recent developments have aimed at increasing the cost-efficiency of conservation plans, 
as well as the realism of models by incorporating better costs, uncertainty and considering multiple 
land-use options (Watts et al. 2009, Carwardine et al. 2010, Wilson et al. 2010, Morán-Ordóñez et al. 
2017, Tulloch et al. 2017b). The incorporation of heterogeneous direct costs, for example land value, 
has resulted in significant reductions in the estimated cost of conservation plans (Ando et al. 1998, 
Strange et al. 2006, Remme and Schröter 2016).  
 
Spatial planning for ecosystem services and biodiversity has gained increasing attention in the 
past decade (Chan et al. 2006, Egoh et al. 2009, Chan et al. 2011, Law et al. 2016, Schröter and 
Remme 2016). For example, Egoh et al. (2009) showed that substantial gains in ecosystem services 
can be achieved for small reductions in biodiversity targets. Schröter et al. (2014a) found that 
including regulating and cultural ecosystem services shifts priority sites and increases the area of 
biodiversity conservation leading to additional conservation efforts, regarding higher opportunity 
costs and a larger area protected. New developments extend the practicality of spatial conservation 
planning tools for modeling multiple ecosystem services and optimizing potentially conflicting land-
use requirements (Watts et al. 2009, Luck et al. 2012). 
 
However, despite progress on incorporating ecosystem services into conservation planning 
accounting for the demand of ecosystem services has rarely been addressed when prioritizing the  
expansion of protected area networks in conservation planning [but see (Cimon-Morin et al. 2014, 
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Verhagen et al. 2016)].  Expanding protected area networks targeting just the biophysical supply side 
of ecosystem services can result in expanding networks where ecosystem services are unlikely to be 
useful for people. Using a beneficiaries approach to prioritizing the expansion of the protected 
area network, could ensure that sites selected for biodiversity conservation also provide 
accessible benefits.  
 
To better achieve accessible benefits involves that planning for the expansion of protected 
area network needs to be targeted to maximize social accessibility of protected areas to local 
communities. In Chapter 5 of this thesis, I address this challenge by exploring cost-effective 
expansion to increase social accessibility and improve biodiversity conservation minimizing costs. In 
this chapter I show that it is possible to expand the protected area network in Mediterranean Chile to 
achieve conservation with the joint aims of enhancing social accessibility while minimizing cost. 
1.7 Thesis overview 
Much of the uptake of ecosystem services in science and policy is based on the belief that 
ecosystem services can lead to better environmental decision-making (Bennett et al. 2015, Martinez-
Harms et al. 2015, Runting et al. 2016) by improving understanding of trade-offs between 
management alternatives and helping assess impacts of decisions on changes in ecosystem services 
provision (Daily et al. 2009, Maes et al. 2012, Bateman et al. 2013, Arkema et al. 2015, Bennett et 
al. 2015). Nonetheless, the integration of ecosystem services into decision-making remains 
challenging and has yet to change land-use decisions fundamentally. Encouraged by the potential for 
ecosystem services to improve decision-making, this thesis addresses key challenges to close the gap 
between ecosystem services science and policy (see Figure 1.3).  
 
In this thesis I propose an integrated framework to structure and guide decision-making 
around the conservation and management of ecosystem services. In my first chapter (this 
introduction) I have outlined the broad context and theoretical background of the ecosystem services 
framework. I have provided an overview of the relationships between biodiversity and ecosystem 
services and the role of ecosystem services in science and policy. I have detailed the adapted 
framework used to understand the provision of ecosystem services from the supply of ecosystems to 
the demand and flow of services to beneficiaries, highlighted how this thesis addresses the remaining 
challenges to advance uptake of the ecosystem services science field in policy land-use decisions. 
 
In my second chapter published in Biological Conservation I propose an integrated 
framework adapted from decision theory to structure and guide decisions around ecosystem services 
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management and review the literature to find out how well these steps are covered. I find that the 
ecosystem services literature has not covered all the steps of a formal decision-making process. For 
the ecosystem service paradigm to gain traction in science and policy arenas, future ecosystem service 
assessments should have clearly articulated objectives and met user-related measures for ecosystem 
services, seek to evaluate the consequences of scenario alternatives, and facilitate closer engagement 
between scientists and stakeholders. 
 
In my third chapter, published in Ecosystem Services I present ecosystem service scenarios 
for rapidly transforming, and threatened landscapes in Central Chile. Scenarios illustrate the 
cumulative impacts of climate change, urbanization and fire on ecosystem services. I found 
substantial reductions in carbon storage, wine production, and scenic beauty by 2050 highlighting the 
urgent need for stronger planning regulations to manage ecosystem service impacts in this region. 
 
To achieve equitable management of ecosystem services, there is a need to improve measures 
of ecosystem services to cover the distribution of ecosystem services benefits to people. My fourth 
chapter, submitted to Conservation Letters address this challenge by exploring the fairness of the 
distribution of cultural ecosystem services benefits on a regional scale using, as a proxy, nature visits 
made to protected areas derived from geotagged photographs posted on social media. I explore 
underlying socioeconomic variables explaining the distribution of cultural ecosystem services 
benefits and identify landscape attributes of the protected areas influencing social preferences. I found 
that the distribution of benefits from nature visits is unequal in this region. Larger protected areas, 
and those that are more biodiverse, are the most visited. By providing information on the spatial flows 
of people to protected areas, I demonstrate the need to expand the protected area network and to 
improve equitable access to the benefits provided by nature. 
 
In Chapter 5 of this thesis, I explore conservation expansion scenarios maximizing social 
accessibility to improve access to protected areas while improving biodiversity conservation in the 
Mediterranean region of Chile. I highlight spatial priorities for conservation considering minimizing 
land acquisition cost and seeking to minimize the extent to which people have limited access to 
protected areas. In this chapter I show that it is possible to expand the protected area network, 
increasing social accessibility and biodiversity performance at minimum cost. Expanding the 
protected area network to achieve conservation with the joint aims of enhancing social accessibility 
could potentially increase the success of protected areas as a conservation tool by bringing people 
closer to nature. 
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Finally, in my sixth chapter, I provide a synthesis of the thesis, highlighting key contributions 
to the ecosystem services research agenda, and ways in which ecosystem services science should 
advance by presenting key challenges to be tackled in future research. 
 
 
 
Figure 1.3  Overview of the thesis and the six thesis chapters. Chapters 2 – 5 of this thesis consist of 
published, a submitted paper and a paper in preparation. I have retained the text consistent with their 
published or submitted format, including the use of plural first-person pronoun “we” and cite my own 
work within these chapters as per their published format (e.g. Martinez-Harms et al. 2015). All 
references for the chapters are compiled in Chapter 7.  Chapters 1 and 6 form an overall thesis 
introduction and discussion respectively. In these I use the singular first-person pronoun “I” and refer 
to my own work by chapter number. This format is consistent with the chapters, whereas chapters 2 
– 5 are collaborative papers on which I am the primary author.  
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2. MAKING DECISIONS FOR MANAGING ECOSYSTEM SERVICES 
This chapter is reproduced from the following paper, with some alterations to formatting 
and structure:  
Martinez-Harms, M. J., B. A. Bryan, P. Balvanera, E. A. Law, J. R. Rhodes, H. P. Possingham, and 
K. A. Wilson. 2015. Making decisions for managing ecosystem services. Biological Conservation. 
184: 229-238.http://dx.doi.org/10.1016/j.biocon.2015.01.024.  
2.1 Abstract 
Numerous assessments have quantified, mapped, and valued the services provided by ecosystems that 
are important for human wellbeing. However, much of the literature does not clarify how the 
information gathered in such assessments could be used to inform decisions that will impact 
ecosystem services. We propose that the process of making management decisions for ecosystem 
services comprises five core steps: identification of the problem and its social-ecological context; 
specification of objectives and associated performance measures; defining alternative management 
actions and evaluating the consequences of these actions; assessment of trade-offs and prioritization 
of alternative management actions; and making management decisions. We synthesize the degree to 
which the peer-reviewed ecosystem services literature has captured these steps. For the ecosystem 
service paradigm to gain traction in science and policy arenas, future ecosystem service assessments 
should have clearly articulated objectives, seek to evaluate the consequences of alternative 
management actions, and facilitate closer engagement between scientists and stakeholders.  
 
Keywords: ecosystem services, structured decision-making, objectives, management actions, 
and trade-offs. 
2.2 Introduction  
In order to meet the demands of a growing population, human activities will continue to cause 
significant changes to land cover, climate, biogeochemical cycles, biodiversity and ecosystem 
services (Foley et al. 2011). Ecosystem services are the processes and conditions derived from 
ecosystems that sustain and enhance human wellbeing (Daily 1997, MEA 2005b, Reyers et al. 2013). 
Concern for the degradation of ecosystem services and consequences for human wellbeing is 
increasingly reflected in environmental policy (Bateman et al. 2013, Mace 2013), with several 
international initiatives bringing the ecosystem services paradigm to the attention of both scientists 
and policymakers (e.g. the Millennium Ecosystem Assessment, MEA (MEA 2005b); Convention on 
Biological Diversity Aichi Targets, CBD (CBD 2010); The Economics of Ecosystems and 
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Biodiversity TEEB (Sukhdev 2010); and The Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services, IPBES (Perrings et al. 2011)). Over the past two decades there 
has also been a rapid growth in research related to ecosystem services (Nicholson et al. 2009, Seppelt 
et al. 2011) and widespread calls for integrating the ecosystem services paradigm into real-world 
management decisions (Daily et al. 2009, De Groot et al. 2010, Goldstein et al. 2012).  
 
As an emerging field aligned with real world problems, the operationalization of the 
ecosystem services paradigm could benefit from established principles and methods from other 
disciplines. The principles of structured decision-making are potentially powerful in this respect. 
Structured decision-making is defined as the “collaborative and facilitated application of multiple 
objective decision-making and group deliberation methods to environmental management and public 
policy problems” (Gregory et al. 2012). Structured decision-making provides sequential core steps to 
guide thinking about complex choices (Gregory et al. 2012, Guisan et al. 2013) delivering rigor and 
transparency to the process of making decisions. 
 
Previous ecosystem service reviews have focused on particular topics, including the extent of 
trade-offs between services (Howe et al. 2014), how priorities for ecosystem services have been 
mapped (Luck et al. 2012), and valuation of ecosystem services (Laurans et al. 2013). While these 
are important and topical issues, how the information gathered in ecosystem service assessments 
could be used to inform decisions that will impact ecosystem services has not been evaluated. We 
present a quantitative systematic review of a sample of peer-reviewed publications in the context of 
five core steps for making management decisions for ecosystem services that are inspired by 
structured decision-making. We highlight current areas of strength in the ecosystem services literature 
and identify areas that would benefit from more concerted attention. 
2.3 Methods 
We used the Thomson Reuters Web of Science database, and applied five search filters. Our 
first filter identified the ecosystem services literature; our second filter captured those studies focused 
on planning, deciding upon management, influencing policy or investing in management of 
ecosystem services; our third filter identified studies about decisions (a decision itself or the 
prioritization of actions); our fourth and fifth filters excluded review articles, conceptual papers and 
also articles that did not explicitly address ecosystem services (Figure 2.1). From the final filter, we 
randomly selected 60% of the papers for full review according to our conceptual framework (Figure 
2.2). We identified 144 English language, peer-reviewed papers published between 2003 and 2013. 
We chose 2003 as the start date for the literature search as it coincides with the publication of the 
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MEA conceptual framework (MEA 2003) and the proliferation of publications on the topic of 
ecosystem services. Because most studies assessed multiple ecosystem services, we considered each 
individual ecosystem service in a paper as a separate entry, creating 427 separate entries for review.  
 
 
Figure 2.1 Decision tree for the identification of peer-reviewed studies for review 
 
We synthesize the degree to which ecosystem service assessments include each of the core 
steps of making decisions (adapted from (Gregory et al. 2012)): (i) identification of the problem and 
its social-ecological context; (ii) specification of objectives and associated performance measures; 
(iii) defining alternative management actions and evaluating the consequences of these actions; (iv) 
assessment of trade-offs and prioritization of alternative actions; and (v) making management 
decisions (Figure 2.2, Table 2.1). In the following sections we describe each step and appraise the 
extent to which they have been addressed in the peer-reviewed literature.  
 
 
33 
 
 
 
Figure 2.2 Core steps in a decision-making process for ecosystem services. The connection between 
the consequences of alternatives with the objectives represents the evaluation of the outcomes of the 
alternatives against the objectives with the possibility to update the objectives. The connection 
between the implementation of actions with the identification of the problem represents the 
monitoring and adaptive management loop. 
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Table 2.1 Criteria and categories defined to perform the review and analyze the core steps of a 
decision framework for ecosystem services (ES).  
Core step Criteria and Rationale Categories considered 
Problem identification 
(Figure 2.2a) 
Types of problems and 
issues addressed in the 
sample of studies reviewed 
Planning for the management of ES 
Policy design / Evaluating policies 
for ES management 
Allocation of investments for ES 
management 
Trade-offs between ES 
Assessment of threats to ES 
Quantification and mapping of ES 
Social-ecological 
context (Figure 2.2b) 
Spatial Scale  
Patch (10 to 100km2), Local (100 to 
1000 km2), Regional (1000 to 
100,000 km2), National (100,000 to 
1,000,000 km2), Global 
(>1,000,000). 
Type of ecosystem  Terrestrial, freshwater, marine 
Type of country by income 
Low-income economies, lower-
middle-income economies, upper-
middle-income economies, high-
income economies 
(http://data.worldbank.org/country).  
Consideration of social-
ecological context 
Land cover/land-use, social (e.g. 
people's opinions or attitudes 
through interviews), abiotic 
(topography, soil, hydrological), 
ecological (ecosystem attributes, 
species, vegetation), economic. 
Specification of 
objectives 
(Figure 2.2c) and 
associated 
Types of objectives 
considered 
Fundamental objectives: describe 
the outcomes that are sought and 
the concerns that are being 
addressed. Means objectives: detail 
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Core step Criteria and Rationale Categories considered 
performance 
measures 
(Figure 2.2d) 
how a fundamental objective will 
be achieved.  
Are the objectives set 
through stakeholder 
consultation? 
Yes or no 
Are the studies defining 
performance measures for 
the objectives or state 
indicators of ecosystem 
services? 
Performance measures: thresholds 
for use or ratio of supply/delivery. 
State indicators: how much of the 
ES is being supplied and/or 
delivered. 
How ES have been defined 
and measured? 
ES defined and measured as the 
biophysical supply or the amount of 
services delivered to society (Tallis 
et al. 2012). 
Defining alternative 
management actions 
(Figure 2.2e) and 
their consequences  
  (Figure 2.2f) 
Does the study define 
alternative management 
actions? 
Yes or no 
Does the study evaluate the 
consequences of alternative 
management actions? 
Yes or no 
Tools used to frame the 
evaluation of consequences  
Scenario analysis, conservation 
planning scenarios, simulation 
analysis, multi-criteria analysis. 
Were the alternatives 
defined with stakeholder 
participation?  
Yes or no 
Assessment of trade-
offs  
 (Figure 2.2g) 
Assessment of trade-offs Yes or no 
Method to asses trade-offs  
Correlations between ES, Benefits 
and costs between alternatives, 
possibility frontier analysis. 
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Core step Criteria and Rationale Categories considered 
Prioritization of 
alternative 
management actions  
(Figure 2.2h) 
The study prioritizes 
actions 
Yes or no 
Type of method that has 
been used to 
prioritize actions 
Conservation planning, multiple 
objective optimization, multi-
criteria analysis, cost-
benefit analysis 
Making management 
decisions 
(Figure 2.2i) 
The study considers the 
implementation of 
a decision 
Yes or no 
Type of decision 
Financial incentives (e.g., payments 
for ES), governance-based 
instruments (e.g., enforcement of 
existing legislation, capacity-
building), allocation of funding, 
and land acquisition. 
 
2.4 Results and Discussion 
2.4.1 Identification of the problem and its social-ecological context  
2.4.1.1 Problem identification 
 The need to make decisions for ecosystem services arises from the identification of a 
conservation or management problem (Guisan et al. 2013). We find that ecosystem service 
assessments have predominately been focused on the quantification and mapping of ecosystem 
services (Figure 2.3). Such studies can play an important role in the identification of the conservation 
or management problem by highlighting important areas for the supply and delivery of ecosystem 
services (Willemen et al. 2008, Polasky et al. 2011). Nevertheless, ecosystem services research needs 
to also provide information more closely linked to management decisions and provide insights for 
decision-makers on alternative management actions. This could be achieved through more concerted 
attention to evaluating trade-offs between ecosystem services (Chhatre and Agrawal 2009), aligning 
assessments with land-use planning (Chan et al. 2006, Reyers et al. 2012a), allocating investments in 
ecosystem services management (Venter et al. 2013), and evaluating alternative policy options (Bryan 
and Kandulu 2011) (Figure 2.3). 
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Figure 2.3 Types of problems addressed in the literature review 
 
2.4.1.2 Social-ecological context 
 To be effective and avoid failures in ecosystem services assessments, conservation and 
management decisions should account for the social, ecological, economic and political dimensions 
in which actions are to be implemented (Ban and Klein 2009, Cornu et al. 2014, Bennett et al. 2017). 
To address the context we used as proxy the type of data used in the assessments. According to the 
literature reviewed, ecosystem services research has incorporated a variety of ecological, social, 
abiotic, land-use, and economic data (Figure 2.4a), although it is unclear whether this reflects a desire 
to better understand the social-ecological context specifically. We observe preferences toward 
particular types of data for estimating different ecosystem service categories. Economic data have 
been mainly used for provisioning services; ecological data for regulating and habitat related services; 
abiotic data for regulating services; social data for cultural services; and land-use and land cover data 
have been frequently used for both provisioning and regulating services (Figure 2.4a). Overall, we 
observe a strong preference toward incorporation of land-use and land cover data in ecosystem service 
assessments (Reyers et al. 2013).   
 
The majority of these studies that have include land-use and land cover data have assumed 
that the provision of ecosystem services changes linearly with changes in land-use and land cover 
(e.g.(Chan et al. 2006, Egoh et al. 2009, Koschke et al. 2012)), thereby ignoring the spatial and 
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temporal variability in biophysical and social processes that occurs in conjunction with changes in 
land-use (Anderson et al. 2009, Grêt-Regamey et al. 2014). A more comprehensive evaluation of the 
social-ecological context would involve the identification of stakeholder preferences for different 
services and the potential beneficiaries; evaluating access to capital, technology, and labour (but see 
(Priess et al. 2007, Birch et al. 2010, Lavorel et al. 2011)), and appraising the broader institutional, 
political, governance, and legal regimes. These aspects ultimately determine the provision or 
perceived value of many services (but see (Bryan et al. 2011b, Martin-Lopez et al. 2012)) and would 
provide a more explict and thorough appraisal of the socioecological context.  
 
The specific social-ecological context is determined by the scale of analysis, type of 
ecosystem, and location of the assessment. Most of the studies we reviewed were applied at regional, 
local, and national scales, with few undertaken at global scales, and even fewer at multiple spatial 
scales (Figure 2.4b). Many environmental problems do not fit into the context of a single spatial scale 
and this simplification ignores the ecological and social processes that operate across scales of 
management (Anderson et al. 2009, Johnson et al. 2013). For example, when managing ecosystem 
services, it is relevant to address both the spatial scale of the biophysical processes underpinning the 
provision of ecosystem services and the spatial scale at which management decisions are made 
(Kremen and Ostfeld 2005, Hein et al. 2006). The ecosystem services literature exhibits similar biases 
to the field of conservation science (Lawler et al. 2006) with only 14% and 20% of the studies 
reviewed applied in marine and freshwater systems respectively and only 11% applied in low-income 
economies (Figure 2.4c and 2.4d respectively). A concerted effort to undertake ecosystem service 
assessments in diverse environmental and development contexts is needed and recent ecosystem 
service assessments in data poor regions provide useful examples (Law et al. 2014). 
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Figure 2.4 Socioecological context of the studies reviewed. a) The socioecological variables 
employed; b) the scale of the application of the studies: patch (10 to 100 km2); local (100 to 
1000 km2); regional (1000 to 100,000 km2); national (100,000 to 1,000,000 km2); global 
(>1,000,000 km2); c) type of system where the studies have been applied; d) type of economy of the 
country where the studies have been applied. 
 
2.4.2 Objectives and performance measures 
2.4.2.1 Specification of objectives 
Objectives describe the outcomes that are sought and the concerns that are being addressed 
(also known as fundamental objectives; (Marcot et al. 2012). The choice of objectives influences all 
aspects of the decision-making process (Johnson et al. 2013) and it is essential that the outcomes of 
alternative actions be evaluated against the objectives. However, only 10% of the studies reviewed 
stated fundamental objectives, with the majority referring to specific methods to achieve an unstated 
fundamental objective (also known as means objectives; (Marcot et al. 2012)) (Figure 2.5 and Table 
2.2). Ideally, stakeholders are involved when setting objectives to represent their concerns and 
aspirations in the decision-making process (Runge et al. 2011, Gregory et al. 2012). Of the papers 
reviewed only a small number of studies set objectives through stakeholder consultation (8% of the 
studies, Figure 2.5).  
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Table 2.2 Examples of studies addressing the decision-making framework by type of problem addressed (ES: ecosystem services) 
 
Problem 
identification 
Fundamental 
objective 
Means objective 
Performance 
Measures or state 
indicators 
Alternative 
management 
actions 
Assessment of 
trade-offs 
Management 
decision 
Source 
Planning for the 
management of ES 
Maximize the net 
increase in benefits 
of a suite of ES 
through restoration     
Target sites for 
restoration through 
cost-effectiveness 
analysis  
State indicators 
(expert knowledge 
of expected 
changes in ES 
benefits with 
increasing 
coverage of 
invasive species) 
Alternative 
management 
actions to control 
invasive species 
Trade-offs between 
restoration sites 
subject to budget 
constraints through 
multiple objectives 
optimization 
No decision 
implemented, but 
financial incentives 
for restoration was 
recommended 
(Wainger et al. 
2010) 
Policy design for 
ES/ Application of 
policies 
Conservation of 
areas for 
biodiversity under 
a payment for ES 
scheme  (e.g. 
REDD+ ) 
Assessment of 
biodiversity 
outcomes under 
policy scenarios  
payment schemes 
for ecosystem 
services  
Performance 
measures (securing 
10% and 50% of 
biodiversity and 
reduction of 
carbon emissions) 
Conservation 
planning scenarios 
(testing the 
achievement of 
targets for 
biodiversity under 
carbon emission 
reduction 
scenarios) 
Trade-offs between 
conservation and 
development 
objectives focusing 
on relative benefits 
and opportunity 
costs 
No decision, but 
the potential 
impact of financial 
incentives already 
implemented in the 
area was tested  
(Venter et al. 
2013) 
Allocation of 
investments for ES 
Enhance the 
provision of 
multiple ecosystem 
services 
Identify the suite 
of investments that 
most cost-
effectively enhance 
State indicators 
(expert preferences 
for multiple 
ecosystem 
services)  
 Evaluating 
investment 
alternatives  
Multi-criteria 
analysis and cost-
benefit analysis for 
prioritizing 
Yes, allocation of 
regional incentives 
for the 
management of 
ecosystem services 
(Bryan 2010) 
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Problem 
identification 
Fundamental 
objective 
Means objective 
Performance 
Measures or state 
indicators 
Alternative 
management 
actions 
Assessment of 
trade-offs 
Management 
decision 
Source 
the provision of 
ecosystem services 
investment 
decisions  
Trade-offs 
between ES 
Minimize conflicts 
between multiple 
uses and 
ecosystem service 
values 
 Undertake a trade-
off analysis to 
simultaneously 
assess multiple 
ecosystem services  
State indicators 
(habitat for fishery 
species and areas 
suitable for wind 
projects) 
Simulation 
analysis between 
different 
alternatives for 
ecosystem services 
and marine uses 
(e.g. development 
levels for wind 
farm) 
Possibility frontier 
analysis of the 
benefits and costs 
between different 
development levels 
for ecosystem 
services 
No decision (White et al. 2012) 
Assessment of 
threats to ES 
Increase the 
capacity of 
communities to 
cope with climate 
change. 
Analysis of the 
contribution of 
Non Timber Forest 
Products to 
identify adaptation 
options to climate 
change 
State indicators 
(nutritional intake 
of Non Timber 
Forest Products in 
the diet of local 
communities) 
Participatory 
scenario analysis 
to identify resilient 
management 
alternatives to 
climate change  
No analysis of 
trade-offs 
No decision 
(Woittiez et al. 
2013) 
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Problem 
identification 
Fundamental 
objective 
Means objective 
Performance 
Measures or state 
indicators 
Alternative 
management 
actions 
Assessment of 
trade-offs 
Management 
decision 
Source 
Quantification and 
mapping of ES 
Balance economic, 
environmental, 
educational, 
cultural and 
community 
returns, rather than 
economic returns 
alone 
Evaluate the 
environmental and 
financial 
implications of 
contrasting land-
use combinations 
State indicators 
(e.g. carbon 
fraction 
aboveground and 
belowground,  
export of total 
dissolved nitrogen 
for water quality) 
Land-use scenarios 
(e.g. No 
improvements in 
the irrigation 
system, 
Improvements in 
the irrigation 
system, sell land.) 
No analysis of 
trade-offs 
Governance based 
incentive (e.g. plan 
to support 
diversified 
agriculture and 
forestry). 
(Goldstein et al. 
2012) 
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Figure 2.5 Proportion of studies reviewed that address each stage of the conceptual framework 
(n: 144 studies) 
 
2.4.2.2 Performance measures 
Performance measures are quantitative expressions of the objectives that are used to 
evaluate the performance of alternative management actions with respect to the objectives 
(Marcot et al. 2012). Ideally performance measures would describe how much of a service can 
be sustainably consumed in relation to the supply, or thresholds for use (De Groot et al. 2010). 
In the literature we reviewed only 8% of the studies applied performance measures and this 
includes targets for the supply of ecosystem services (Figure 2.5) (Moilanen et al. 2011, 
Thomas et al. 2013, Venter et al. 2013).  
 
The majority of studies have quantified ecosystem services as state indicators measured 
as the biophysical potential of ecosystems to supply services, irrespective of its use (Beier et 
al. 2008). Less commonly has the amount of services actually delivered and used by society 
been assessed, and this has predominately been for recreation and food provision (Figure 2.6). 
By definition ecosystem services provide benefits to people and therefore measuring only the 
potential supply of ecosystem services will deliver only partial information (Tallis et al. 2012). 
Quantification of the final services delivered to and consumed by society will provide more 
realistic estimates of the value of ecosystem services (Fisher et al. 2009, De Groot et al. 2010).  
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Figure 2.6 The types of ecosystem services addressed in the literature review (because most 
of the studies consider several ecosystem services, the sum of entries in this figure exceeds the 
total number of studies reviewed). The category multiple ecosystem services (M) refer to those 
papers addressing lists of ecosystem services, treating them in the same manner for 
methodological aspects (this category is not accounted for in the final number of 20 
ecosystem services). 
 
2.4.3 Defining alternative management actions and their consequences 
We found that 45% of the papers reviewed have defined and evaluated the 
consequences of alternative management actions, and only 13% of the studies reviewed 
selected the actions to be evaluated through consultation with decision-makers and other 
stakeholders (Figure 2.5) (Bohensky et al. 2006, Grêt-Regamey et al. 2008, Bryan 2010). A 
consultative process of selecting and deliberating alternative actions would strengthen the 
dialogue with stakeholders, align the actions selected with the objective(s), and support an 
adaptive decision-making process (Bohensky et al. 2006, Carpenter et al. 2009). We found no 
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examples where objectives were tested and updated after alternative management actions had 
been evaluated. 
 
2.4.4 Assessment of trade-offs and prioritization of actions 
2.4.4.1 Trade-offs 
Managing for the sustainable and efficient provision of multiple interacting ecosystem 
services is challenging as alternatives undertaken to deliver one service may divert resources 
from alternative actions that could deliver other services (Lester et al. 2013). Management 
decisions often involve a range of possible actions and multiple stakeholder perspectives that 
will result in either trade-offs between outcomes, the delivery of co-benefits, or perverse or 
negative impacts (Lindenmayer et al. 2012, Johnson et al. 2013).  
We identified that 38% of the studies reviewed attempted to investigate synergies and 
trade-offs associated with ecosystem services (Figure 2.5). The number of papers identified is 
consistent with results reported in a comprehensive review specifically focused on trade-offs 
(Howe et al. 2014). However, most of these studies reviewed focused on evaluating the 
correlation and overlap between ecosystem services (Chan et al. 2006, Anderson et al. 2009, 
Lavorel et al. 2011). Such assessments do not provide information about the trade-offs that 
arise as a consequence of implementing alternative management actions. A limited number of 
studies have addressed trade-offs through analyzing the production possibility frontier, which 
identify the sets of management alternatives that would maximize delivery of services across a 
range of preferences (Nelson et al. 2008, Wainger et al. 2010, White et al. 2012). The 
opportunity costs of service provision are revealed at the Pareto frontier, where the delivery of 
one ecosystem service cannot be enhanced without a reduction in the delivery of other services.  
 
2.4.4.2 Prioritization of management actions  
The prioritization phase provides information on the optimal or near-optimal spatial 
location and temporal timing of implementing alternative management actions given available 
resources (Ferrier and Wintle 2009). In the ecosystem services literature, priority areas have 
been identified where investment will yield greatest return (Luck et al. 2012), but only 19% of 
studies have systematically assessed how resources should be allocated to alternative actions 
(Figure 2.5). A variety of decision support tools have been used to identify actions for 
managing ecosystem services including conservation planning techniques (Chan et al. 2006, 
Egoh et al. 2010), multiple-objective optimization algorithms (Nelson et al. 2008, Wainger et 
al. 2010, Thomas et al. 2013), multi-criteria analysis (Bryan et al. 2011b, Larsen et al. 2011) 
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and cost-benefit analysis (Birch et al. 2010). The selection of a decision support tool will 
depend on the context of the problem and the objectives of the analysis. For example, 
conservation planning software has generally been applied to the spatial allocation of 
alternatives across broad extents either focused on protected areas (Chan et al. 2006) or a 
diverse suite of land-uses in multifunctional landscapes (Reyers et al. 2012a, Venter et al. 
2013). Tools such as multi-criteria analysis and cost-benefit analysis are commonly used to 
rank projects to compare the cost and benefits (and other criteria) of alternative actions.  
 
2.4.5 Making management decisions 
A decision occurs when an alternative action is selected and implemented through its 
internalization in policy, plans or an institutional arrangement, and typically operationalized as 
some form of regulation or incentive. In this literature review a diversity of potential decisions 
have been identified, including the use of financial incentives such as payments for ecosystem 
services (Chen et al. 2009, Reyers et al. 2012a, Venter et al. 2013), governance-based 
instruments (Naidoo et al. 2008, Goldstein et al. 2012), and the application of conservation 
strategies such as land acquisition (Kovacs et al. 2013). However, only 3% of our peer-
reviewed sample reported the on-ground implementation of an action (Figure 2.5), including 
the allocation of regional funds for ecosystem services management (Bryan 2010), a plan to 
support diversified agriculture and forestry to improve the provision of ecosystem services 
(Goldstein et al. 2012), and the provision of conservation payments (Nelson et al. 2008).  
2.5 Conclusion  
Governments and international policymakers are embracing the concept of ecosystem services 
to provide new opportunities for local economies and to safeguard the natural capital from 
future generations will derive services. Our review provides evidence that ecosystem service 
assessments do not capture the core steps of the decision-making process and much of the 
literature has been focused on quantifying and mapping the supply of ecosystem services. We 
identify important priorities for future research and practice, including the articulation of 
objectives, the identification of performance measures, and the deliberation of alternative 
actions. Management decisions for ecosystem services should also be underpinned by the best 
available science and account for the values and preferences of stakeholders. Deliberative and 
participatory methods could facilitate this and enable the opportunities and constraints for 
effective management to be identified. We see these as key ingredients for the ecosystem 
services paradigm to gain traction in science and policy arenas.  
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3. SCENARIOS FOR LAND-USE AND ECOSYSTEM SERVICES UNDER 
GLOBAL CHANGE 
This chapter is reproduced from the following paper, with some alterations to formatting and 
structure:  
Martinez-Harms, M.J. B. Bryan, E. Figueroa, P. Pliscoff, R. Runting, and K. Wilson. 2017. 
Scenarios for land-use and ecosystem services under global change. Ecosystem Services 25:56-
68. http://doi.org/10.1016/j.ecoser.2017.03.021 
3.1 Abstract  
Scenarios provide a platform to explore the provision of ecosystem services under global 
change. Despite their relevance to land-use policy, there is a paucity of such assessments, 
particularly in developing countries. Central Chile provides a good example from the Latin 
American realm as the region has experienced rapid transformation from natural landscapes to 
urbanization and agricultural development. Local experts from Central Chile identified climate 
change, urbanization, and fire regimes as key drivers of change. Scenarios depicting plausible 
future trajectories of change were developed to assess the combined effects on carbon storage, 
wine production, and scenic beauty for the year 2050. Across the region, the action of the 
drivers reduced the total amount of carbon storage (by 85%) and wine production (by 52%) 
compared with a baseline scenario, with minor changes incurred for scenic beauty. The carbon 
storage and wine production had declined by 90% and scenic beauty by 28% when the reaction 
to changed fire regimes was also taken into account. The cumulative outcomes of climate 
change and urbanization are likely to place substantial pressures on ecosystem services in 
Central Chile by mid-century, revealing the need for stronger planning regulations to manage 
land-use change. 
 
Keywords: carbon storage; scenic beauty; wine production; urbanization; climate change; fire. 
 
3.2 Introduction 
Global efforts to achieve the United Nations Sustainable Development Goals will require 
an understanding of how the provision of ecosystem services will be impacted as a result of 
global environmental change (Schröter et al. 2005, Rockström et al. 2009, Nelson et al. 2010, 
Gonzalez-Varo et al. 2013, Mace 2013). Divers of environmental change are factors that 
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influence ecosystem services directly (e.g. climate change, land-use change, invasive species) 
or indirectly (policies, science and technology, cultural factors) shaping the direction, 
magnitude and rate of future global change (MEA 2005a, Kosow and Gaßner 2008). The 
drivers of environmental change do not operate in isolation, necessitating that the combined 
impacts of multiple drivers be determined (Nelson et al. 2006, Carpenter et al. 2009, Gonzalez-
Varo et al. 2013).  
 
Over the last three decades, scenario analyses have played a central role in assessments 
of the potential impacts of global environmental change on land systems at a variety of scales 
(Nakicenovic et al. 2000, MEA 2005a, O'Neill et al. 2008, van Vliet et al. 2010, Bryan et al. 
2016). Scenarios explicitly incorporate uncertainty by exploring the outcomes that could arise 
due to multiple plausible futures. Scenarios are derived from a coherent and internally 
consistent set of assumptions or storylines (Peterson et al. 2003, MEA 2005a, Adams et al. 
2016), which can be depicted as spatially and temporally-explicit projections of land-use and 
land cover change (Rounsevell et al. 2006, Rounsevell and Metzger 2010). Such projections 
enhance the communication of ecosystem services assessments and thus inform the 
development of robust land-use policies (Lamarque et al. 2014, Dunford et al. 2015). 
 
There has been a paucity of studies of ecosystem services assessments under global 
change [but see (Oteros-Rozas et al. 2015)], particularly in developing countries of Latin 
America (Runting et al. 2016). The exact nature of global change impacts in these countries is 
largely unknown and adaptive capacity is expected to be low (Sinivasan 2010). In Latin 
America, the drivers that have been mainly assessed are climate change and deforestation 
which are only a limited subset of global change (Grau and Aide 2008, Martínez et al. 2009, 
Birch et al. 2010, Carreno et al. 2012, Mendoza-González et al. 2012, Nahuelhual et al. 2014). 
Measuring the impacts of a more extensive set of global changes on ecosystem services is an 
important policy relevant task in Latin American countries (Schröter et al. 2005, Gonzalez-
Varo et al. 2013, Oliveira et al. 2013b). Rapid assessments using expert judgment and existing 
empirical information can be used in initial policy cycle phases to help elucidate potential 
futures of drivers of change and their impacts. Such assessments are being called for to inform 
initiatives like the Intergovernmental Science-Policy Platform on Biodiversity, and Ecosystem 
Services (IPBES) (Brooks et al. 2014, Kok et al. 2016). 
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In Chile, historical trends for the last 20 years and predictions over the next century 
suggest major changes in climate with a decline in rainfall and higher temperatures (Fuenzalida 
et al. 2007, Falvey and Garreaud 2009). These changes will likely have an effect on the 
distribution of ecological communities (Marquet et al. 2010). Chile also has experienced a rapid 
process of economic development in the last 30 years and this has resulted in extensive 
urbanization of the Metropolitan Region (Cohen 2004, Banzhaf et al. 2013). In this region the 
native Mediterranean vegetation is adapted to repeated cycles of forest fires associated with 
high temperatures (Castillo et al. 2012). Forest fires have increased resulting from human 
activity, as a consequence, fires have been most prolific in close proximity to urban centers 
(Castillo et al. 2012, Altamirano et al. 2013). 
 
We demonstrate a rapid assessment of the impacts of global change on key ecosystem 
services in the data sparse region of Central Chile. Our approach translated expert-derived 
qualitative scenario storylines into quantitative spatial predictions of the combined impacts of 
climate change, urbanization and fire on the future supply of carbon storage, wine production 
and scenic beauty for the year 2050. The three ecosystem services evaluated are critically 
important for the country’s environmental sustainability, its economic activity, and societal 
wellbeing (Figueroa 2016). Central Chile provides an exemplary case study of the Latin 
American context as the region has experienced a long history of land conversion from forest 
to agriculture, rapid urbanization and a changing climate with concomitant impacts on fire 
regimes (Armesto et al. 2010, Schulz et al. 2010). 
 
3.3 Methods 
3.3.1 Study Area  
The Metropolitan Region of Central Chile (33°26′ and 34°19′S, Figure 3.1) encompasses 
approximately 15,402 km2, with elevation ranging from 0 to 6500 m.a.s.l. Characterized by a 
Mediterranean climate (warm and dry summers; cool and rainy winters) with mean 
temperatures ranging from 20°C in summer to 8°C in winter and with an annual precipitation 
of approximately 350 mm in the central valley, increasing with altitude (Meza et al. 2014). 
Central Chile is the most densely populated area of the country with almost 7 million people 
inhabiting the region (or 40% of the country’s population), with 97% of people living in urban 
areas (INE 2012) and producing, in 2014, 44% of Chile’s total economic product (Chile 2015). 
Urban development has occurred mainly on alluvial floodplains, which are also the most fertile 
soils for agriculture (Puertas et al. 2014), especially for fruit and wine production (Romero and 
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Ordenes 2004). There is also an urbanization trend toward higher elevation areas (Romero and 
Ordenes 2004, Romero et al. 2012). The study region has a high incidence of fire events that 
have caused substantial material and environmental losses (Castillo et al. 2012) and their 
frequency has increased in the last 20 years with an average of 5000 fire events per annum 
(Altamirano et al. 2013).  
 
Figure 3.1 Study region in Central Chile depicting the main land cover types; (b) 
administrative division of the provinces and the location of protected areas 
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3.3.2 Scenario Building Process 
 
We developed and applied a framework for building scenarios that composed four main 
steps (Schwarz 1991, Metzger et al. 2010): (i) define the scope and the focal questions, (ii) 
identify key drivers, (iii) construct qualitative scenario storylines, and (iv) quantify and map 
the supply of ecosystem services under baseline conditions and under projections of land-use 
and climate change (Figure 3.2). 
 
 
Figure 3.2 Methodological framework of the scenario building process 
 
3.3.2.1 Scope of the scenarios 
We defined the scope of the scenarios analysis as the exploration of potential impacts of 
key global change drivers on three ecosystem services: carbon storage, wine production, and 
scenic beauty, in Central Chile for the year 2050. Carbon storage in the native Mediterranean 
forest has been identified as an important mechanism for mitigating the burden of climate 
change (Gibbs et al. 2007, Caparros et al. 2011). Scenic beauty is defined as the aesthetic values 
derived from the appreciation of natural scenery and scenic views (De la Fuente de Val et al. 
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2006, Schirpke et al. 2013). The Mediterranean climate region is also an important region for 
wine production (Hannah et al. 2013), being the fifth largest exporter of wines in the world and 
the ninth largest producer (Lobos 2014). Central Chile has a large area that is potentially 
suitable for irrigated high-quality wine production, particularly at the bottom of valleys 
(Montes et al. 2012). 
 
3.3.2.2. Identification of key drivers of change 
We developed a list of drivers of land-use and land cover change via semi-structured 
interviews with local experts (Appendix A). We initially contacted 25 experts by email and 
completed 10 interviews. The experts were from different disciplines (demography, 
economics, urban development, climate change, water, ecology, conservation and biodiversity) 
and possessed both local and regional-scale expertise of the study region. The list of potential 
drivers was presented to the experts and they selected and ranked drivers that they considered 
would have the greatest impact on the landscapes of the region for the year 2050 (Appendix 
A). We selected the two highest ranked drivers for the development of the storylines: climate 
change (specifically increase in temperature and decrease precipitation) and urbanization. 
Climate change is predicted to reduce the distribution of sclerophyllous and thorny 
Mediterranean forest and reduce the carbon storage capacity of the landscape (Marquet et al. 
2010). Urbanization is being encouraged through a regional urban plans (PRMS 2014), which 
seeks to expand the current peri-urban limits of the city, especially in the northern and 
southeastern sectors (Puertas et al. 2014). The ongoing expansion of urban areas is expected 
will lead to the loss of native vegetation and fertile soils for viticulture, and could impact the 
scenic beauty of the Andean foothills (Romero and Ordenes 2004, Banzhaf et al. 2013, Puertas 
et al. 2014). 
 
3.3.2.3 The scenario storylines 
To construct the storylines we developed a scenario matrix and defined assumptions about 
the possible trends associated with climate change and urbanization (Plieninger et al. 2013), 
reflecting ranges from low/weak to high/strong. The possible combination of drivers resulted 
in four scenario storylines (see Figure 3.3 for definition of scenarios A, B, C, and D).  
 
To define the assumptions for climate change we considered the greenhouse gas 
trajectories (RCP: Representative Concentration Pathways) adopted in the Intergovernmental 
Panel on Climate Change (IPCC) fifth assessment report for the year 2050, describing possible 
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climate futures (IPCC 2013). We focused on the lower and higher greenhouse gas 
concentration level trajectories (RCP 2.6 and 8.5 respectively) to encompass the range of 
uncertainty. According to the climate change driver, scenarios A and B will follow trends 
defined in RCP 2.6 where emissions are predicted to be substantially reduced over time (Kay 
2013). Under this pathway, temperature will increase by no more than 2º C and will result in a 
reduction in precipitation by no more than 10% by 2050 (Fuenzalida et al. 2007). Scenarios C 
and D will follow trends defined in RCP 8.5 representing the business-as-usual scenario 
characterized by increasing greenhouse gas emissions over time (Van Vuuren et al. 2011). 
“Business-as-usual” will result in an increase of temperature by 3.5ºC and a 15% reduction in 
precipitation by 2050, along with an increase in the frequency of long and severe dry seasons 
(Fuenzalida et al. 2007, IPCC 2013, Kay 2013). 
 
For urbanization we considered the Regulatory Plan of the Metropolitan Region of Santiago 
(PRMS 2014) and identified two opposing trajectories (Figure 3.3). Urbanization under 
scenarios A and C is represented by restrictions applied to the metropolitan urban regulatory 
plan. This translates to maintaining the current urban areas and locating new dwellings on 
available land inside the urban radius (23,800 ha of land available for construction). Scenarios 
B and D follow the new urban limits defined in the regulatory plan PRMS 100 (PRMS 2014). 
This represents an expansion of the urban radius by approximately 100 km2 in eight districts of 
Santiago and removing construction restrictions above an elevation of 1000 m.a.s.l. 
 
Climate change and urbanization are not independent and the interaction of both drivers 
and their combined effects is magnified by system feedbacks (Nelson and Bennett 2005). The 
projected effects of climate change along with the increasing human population density and 
associated expansion of the road network is predicted to lead to an increase the prevalence of 
fires in the study region. These interactions were included in the ecosystem service assessments 
(Castillo 2012, Altamirano et al. 2013).  
 
 
 
54 
 
 
 
Figure 3.3 Scenario storylines according to climate change and urbanization drivers. All 
scenarios were implemented with and without fire probability. 
 
3.3.2.4 Quantitative ecosystem service maps 
To translate the storylines into quantitative scenario maps, we identified available spatial 
models and spatial criteria representing each of the assumptions behind the scenarios. We 
mapped and modeled ecosystem services under baseline conditions and then developed 
ecosystem services models representing future changes in the supply of ecosystem services 
under projected conditions. Finally, we developed a new set of ecosystem service scenarios 
incorporating future changes in the probability of fire, caused by the interaction between 
climate change and urbanization.  
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Ecosystem service maps under baseline conditions 
Carbon storage 
To define the level of carbon storage for our study, we considered the carbon present 
in the native forest where the tree cover density was greater than 10%, excluding exotic tree 
plantations and harvest areas. Although exotic tree plantations store carbon, we excluded them 
because in this region native forests have been heavily replaced with exotic plantations that 
have proved to be incompatible with biodiversity conservation and restoration (Miranda et al. 
2017). Sixteen forest type categories (Appendix B, Table B2) were identified in the study 
region by intersecting four potential forest vegetation types (deciduous forest, sclerophyllous 
forest, sclerophyllous Andean forest and thorny forest) (Luebert and Pliscoff 2006) (Appendix 
B; Table B1) with the remnant native forest classes (closed >75%, semi-closed 50-75%, open 
25-50% and very open 10-25% forest) from the land cover map (CONAF-CONAMA-BIRF 
2014). The current carbon storage (total weight of carbon stored per hectare, Mg C ha-1) of 
each forest type category was measured as the long-term confinement of aboveground (AGB) 
and belowground tree biomass (BGB). Aboveground carbon was quantified through a literature 
review of biomass and carbon estimates for the representative species (Muñoz et al. 2007) and 
BGB was estimated from ratios drawn from the literature (Aalde et al. 2006) (More details in 
Appendix B). 
 
Wine production 
Wine production was mapped based on the area cultivated with Vitis vinifera within 
the agricultural land cover class and the number of vines planted per area (Larrañaga 2011). 
The number of vines per hectare was converted to yield (tonnes ha-1 yr-1) assuming that one 
vine produces 7 kg yr-1 of grapes for wine production (Muñoz et al. 2002). We obtained a map 
of current wine yield production that we classified in 4 yield categories: 3 to 5ton/ha, 6 to 
8ton/ha, 9 to 10ton/ha and 11 to 16ton/ha 
Scenic Beauty 
Scenic beauty was mapped through a viewshed analysis in ArcMap 10.3.1 (ESRI 2011). The 
viewshed analysis generated lines of sight between an observer site and the centroid of each 90 
m resolution cell of a digital elevation model DEM (Jarvis et al. 2008, Nutsford  et al. 2015). 
An average height of 22 m was then assigned to buildings in urban areas in the capital city and 
5 m elsewhere (PRMS 2014). An average height of 5m was assigned to forest and 2 m to shrubs 
(CONAF-CONAMA-BIRF 2014). Viewpoints were selected for the viewshed analysis to 
represent each of the populated peripheral provinces in the region except provinces within the 
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center of Santiago, excluded because of the high density of buildings taller than 20 m. We also 
included viewpoints in conservation areas that are known for recreational uses because of their 
scenery (see Appendix C for DEM and location of viewpoints).  
We used one point per peripheral province (107 in the region) and one point per conservation 
areas (24 in the region). In Appendix H we present the geographic coordinates and 
characteristics of the 131 viewpoints. The viewpoint was set as the centroid of each commune 
and conservation area respectively. To calculate the centroid of the communes we used the 
Feature to Point (Data Management) tool in ArcMap 10.3.1 (ESRI 2011). This method 
calculates the geometric center of the province or conservation area as a polygon feature, 
computed using the weighted mean center of all the feature parts. 
The viewshed analysis produced a visibility raster recording the number of times each 
area was seen from the viewpoints’ locations. We obtained a visibility raster map with values 
ranging from 1 to 65 (e.g. areas that can be seen up to 65 times from viewpoints). This map 
was classified in a qualitative scale map using the natural breaks categories of the visibility 
raster map ranging from: very low (1-12), low (13-25), medium (26-37), high (38-50) and very 
high (51-65). We also accounted for the contribution of scenic features providing high-quality 
views, based on features identified in local studies (De la Fuente et al. 2006, De La Fuente and 
Mühlhauser 2014). We extracted forest, water bodies and snow features from the land cover 
map and intersected them with the visible area from the visibility raster. We included water 
bodies and urban parks that were located in the visible area raster, which were obtained from 
the OpenStreetMap for Chile (OSM 2016). These features were assigned a high scenic value 
to represent people’s preferences.  
 
Ecosystem service maps under future conditions 
To map the potential change in the distribution of the carbon and wine production under 
climate change we employed maximum entropy bioclimatic modeling techniques at a 
100x100m grid cell resolution using MaxEnt v3.3.3j (Phillips et al. 2004, Phillips et al. 2006). 
Each model was fitted using a split-sample approach (Guisan and Zimmermann 2000), using a 
random set of occurrence points and reserving 25% for testing the performance of the model. 
The minimum distance between the occurrence points for all dependent variables was restricted 
to a maximum of 1000 m to minimize spatial autocorrelation.  
 
The models were trained by establishing a relationship with current climate and the 
selected environmental predictors at known occurrence points. The predictor variables used in 
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the MaxEnt model for carbon were climate and topography, for wine: climate, soil, and 
hydrology (see Appendix D). The baseline scenario for carbon and wine production was the 
output of the application of the MaxEnt model on current observations. The relationship was 
then projected into the future climate under each of the RCP 2.6 and 8.5 scenarios by allocating 
each 100x100 m grid cell to the dependent variable with the highest likelihood of prediction. 
The climate predictor variables included a South American dataset available for baseline 
climate conditions (1950-2000) obtained from a total of 930 weather stations at 1 km resolution 
(Pliscoff et al. 2014). For future climate projections, the output of a global climate model 
(HadGEM2-AO (Fuenzalida et al. 2007, Falvey and Garreaud 2009) from the fifth phase of the 
Coupled Model Intercomparison Project (CMIP5) was employed (Pachauri et al. 2014). The 
remaining predictor variables used in each model are detailed in Appendix D. 
 
The models were initially constructed using all predictor variables and then the 
variables were sequentially excluded based on their percentage contribution, permutation 
importance, the relative effect on model performance measured by the area under curve (AUC) 
scores (see Appendix E for details in the AUC scores and Appendix F for the marginal plots of 
the resultant models). To test how well the model predictions matched reality we applied simple 
linear regression analysis using the t-test and F-test respectively and assessed the goodness-of-
fit of the relationship between the current observation of carbon and wine production 
(predictor) and the predictions obtained from the baseline scenario (dependent variable). The 
result for current and future climate was a continuous value projection (0 to 1). The continuous 
probability maps were converted into binary presence/absence maps applying the maximum 
sensitivity plus specificity logistic threshold (Liu et al. 2005). To map the potential change in 
the distribution of scenic beauty under climate change, we considered the new potential 
distribution of forest cover under scenarios RCP 2.6 and RCP 8.5. 
 
To map urbanization we employed the cartographic layer representing the new urban 
regulatory plan (PRMS 2014). For scenarios A and C we maintained the current boundaries of 
the city (no expansion) and for scenarios B and D we applied the new urban plan layer. We 
then used these layers to assess the impacts of urbanization on the future supply of carbon, 
wine production and scenic beauty. To combine both drivers in the final scenario maps the 
urbanization driver was first applied, and then the climate change driver was applied to the 
remaining area (Figure 3.4).  
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Ecosystem service maps under future conditions incorporating fire  
To predict future probability of fire occurrence we applied bioclimatic suitability models based 
on historical fire data [datasets for the period 1986-2010 from the National Corporation of 
Forest (CONAF)] and environmental explanatory variables. We considered the dominant 
environmental factors that influence fire: climatic conditions that influence the length and 
severity of fire episodes; human activities that have increased the incidence of fires; and 
presence of flammable vegetation (Moritz et al. 2012). Climatic conditions were included 
through the set of bioclimatic variables under scenarios RCP 2.6 and RCP 8.5 and the digital 
elevation model. Human variables were incorporated through the distance of observed fires to 
roads and cities considering the current urban plan and the new urban plan. Vegetation was 
included through land cover categories with vegetation (Appendix D). We developed a new set 
of scenarios A, B, C and D incorporating the effects of fire on the supply of the ecosystem 
services according to the climate change and urbanization assumptions in each scenario (Figure 
3.4). To quantify the magnitude of change, we compared the percentage of change in the supply 
of each ecosystem service for the eight future scenarios, relative to the baseline conditions. 
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Figure 3.4 Translation of the trajectories of the drivers defined in the storylines into ecosystem 
service scenario maps 
3.4 Results 
 
The simple regression model outputs testing the plausibility of the carbon and wine 
MaxEnt model predictions matched current observations and showed a robust significant and 
positive relationship for carbon (R²=0.55, p<0.0001, F=7771, DF=6300) and wine (R²=0.35, 
p<0.0001, F=136.2, DF=254). 
 
The future scenarios revealed profound influence on the supply of ecosystem services 
relative to the baseline scenario. For carbon storage, the four scenarios predicted a substantial 
decline: close to 85% of baseline carbon stores and reaching up to 90% when the effects of fire 
were accounted for (Figure 3.5).  For wine production, the four scenarios also predicted a 
decline, which ranged from 9 to 18% under scenarios A and B, with a pronounced decline of 
48 to 52% under scenarios C and D.  The decline was even more dramatic when changed fire 
regimes were accounted for, with total wine production declining by 90% (Figure 3.5).  Scenic 
beauty did not change much under the four scenarios with a slight increase (7%) under scenario 
A and a slight decrease under scenarios considering urban expansion and a business-as-usual 
climate. Scenic beauty was projected to decrease by 18 to 28%  when the outcomes of changes 
in the fire regimes were taken into account (Figure 3.5). 
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Figure 3.5 Percentage decline in the total supply of carbon storage, wine production and scenic 
beauty for all scenarios considering climate, urbanization and fire pressures compared with 
baseline conditions 
 
3.4.1 Carbon storage 
Carbon storage values ranged from 11 Mg ha-1 to 63 Mg ha-1 (Figure 3.6). The forest 
types with higher carbon values were the closed Mediterranean Andean sclerophyllous, 
sclerophyllous and deciduous forest types with lower values represented by the very open 
thorny and sclerophyllous forest (Appendix B, Table B2). Scenarios A and B predicted high 
carbon storage mainly concentrated on the southwest hills of the region in the coastal range. 
Under these scenarios, there was a slight increase in the carbon content in the western part of 
the region, specifically on the hills of the coastal range due to an expansion of closed 
sclerophyllous vegetation types (Appendix F). There were also important zones of carbon 
supply under these scenarios in the Andean foothills bordering the eastern part of the city 
(Figure 3.6a).  
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Scenarios C and D predicted lower values of carbon storage across the region (Figure 
3.6b). The reduction was due to an expansion of open Mediterranean Andean sclerophyllous 
forest, which displaced sclerophyllous forest types. In the south-eastern part of the region, there 
was also a decrease in carbon storage caused by the displacement of the Mediterranean Andean 
sclerophyllous forest by very open deciduous forest bordering the city in the Andean range and 
central valley. Scenarios B and D predicted carbon losses in the north-eastern part of the city 
due to the expansion of the city limits converting sclerophyllous and Mediterranean Andean 
sclerophyllous forest to urban land (Appendix F). The expansion of the urban boundary did not 
have a strong influence on carbon storage, as this land-use change mainly affected agricultural 
lands bordering the city (which store less carbon). When the probability of fire was 
incorporated, carbon storage declined by up to 90% compared with the baseline, mainly 
affecting sclerophyllous forest types in the western coastal hills. 
 
3.4.2 Wine production 
 The baseline scenario showed that western and south-western sections of the region 
closer to the coast presented highest potential for wine production. Interestingly, scenarios A 
and B predicted some gains distributed along the central valley towards the coast (Figure 3.6a) 
while scenarios C and D predicted a stronger decline (Figure 3.6b). Areas that would remain 
with a high potential yield for wine production under these scenarios were located closer to the 
coast in the south-western section of the region. The planned expansion of the city following 
scenarios B and D will affected up to 9% of areas suitable for wine production mainly on those 
north and south-western areas bordering the city. The effects of fire were predicted to be severe 
for wine production because the modeled probability of fire-impacted areas were closer to cities 
and roads, which were the most suitable for wine production. When the probability of fire was 
incorporated, total wine production declined by 90% (Figure 3.5).  
 
3.4.3 Scenic beauty  
High values of scenic beauty for baseline and future conditions were found bordering 
the city in higher elevation zones at the foothills of the Andean range (Figure 3.6 and 3.7) 
particularly the eastern peripheral provinces from north to south (e.g. Colina, Huechuraba, Lo 
Barnechea, Vitacura, Las Condes, La Reina, Peñalolén, La Florida, Puente Alto and Pirque see 
Figure 3.1 for spatial reference). High values of scenic beauty were found in some western 
peripheral provinces bordering the city at the foothills of the coastal range (e.g. Lampa, 
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Pudahuel, Isla de Maipo and Paine).  Higher elevation areas of the coastal range at the south-
west of the region in the Melipilla province presented a high potential for supply of 
scenic beauty.  
 
Conservation areas that are located in higher elevation zones of the Andean (e.g. Natural 
Sanctuary “Yerba Loca” and “San Enrique”, National Reserve “Rio Clarillo”) and the Coastal 
range (e.g. “Cerro el Roble”, “Altos de Cantillana”, “Altos de Chicauma” — see Figure 3.1 for 
spatial reference) presented high scenic beauty values. This was because there are natural 
features providing high quality views such as closed sclerophyllous and deciduous forest in the 
visible area (see Figure 3.1 for pictures). Zones with low values of scenic beauty were mainly 
located in low elevation areas of the central valley.  
 
Scenario A predicted an expansion of the sclerophyllous forest in the coastal hills, 
which increased the total scenic beauty value by 7%. The planned expansion of the city 
following scenarios B and D would not dramatically affect the supply of scenic beauty (Figure 
3.7). Nevertheless, there was a slight decline of scenic beauty (3%) concentrated in the 
periphery of the city at higher elevation zones where urban expansion is planned. For example, 
some western peripheral (Lampa, Pudahuel, Quilicura and San Bernardo) and southern 
peripheral provinces (Paine and Pirque) of the region suffered a decline in the supply of scenic 
beauty.  When the fire impacts were accounted for, there was a greater decline, ranging from 
18 to 28% of the total supply of scenic beauty, which was mainly due to the loss of coastal 
sclerophyllous forest (Figure 3.5). 
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Figure 3.6a. Maps representing the ecosystem services scenarios part 1. Grey represent the 
land cover classes that were not considered in the models (e.g. prairies, bare land and snow). 
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Figure 3.7 Continuation Figure 3.6 - Maps representing the ecosystem services scenarios part 2 
 
65 
 
3.5 Discussion 
Combining scenario analysis with ecosystem service assessments provided a powerful tool for 
exploring the impacts of combined global change drivers on the supply of ecosystem services 
(Carpenter et al. 2009, Thompson et al. 2012, Bryan et al. 2014, Oteros-Rozas et al. 2015). Our 
application is significant because it evaluates the cumulative impacts of multiple global change 
drivers on ecosystem services in a developing country of Latin America, which has rarely been 
addressed in the literature (Runting et al. 2016). The results demonstrated that global climate 
change, urbanization, and their interactions in the form of fire dynamics, are likely to place 
substantial pressures on the supply of carbon storage, wine production and scenic beauty in 
Central Chile by 2050. This is especially the case for carbon storage and wine production that 
suffered major losses when the interactions between drivers were accounted for.  
 
Climate change was predicted to cause significantly different impacts on ecosystem 
services, with a decline under most but not all scenarios. Scenic beauty under the scenario of 
moderate climate change and no urban expansion was the only service showing a minor 
increase, and this was due to a localized expansion of the sclerophyllous forest on the hills of 
the coastal range, which would provide higher quality views in these areas. Carbon storage and 
wine production were very sensitive to climate change showing a decline under all scenarios 
relative to baseline conditions.  Carbon storage was the most severely impacted service, with a 
pronounced decline of over 85% from the baseline in all scenarios. Wine production saw a 
small decline under moderate climate change scenarios (A and B), whereas under severe 
climate change scenarios (C and D) predicted a larger decline. This occurred because the 
mitigation scenarios (A and B) predicted localized gains at the center of the region from the 
central valley to the coast. 
 
Altitudinal and latitudinal movement of forest types and viticulture responses to the 
new drier and hotter climate conditions explained the overall decline of carbon storage and 
wine production. Suitable areas for high-yield wine production were likely to shift towards the 
coast and southwards, where the temperature was likely to be lower and precipitation higher. 
This is consistent with previous studies of the strain imposed by climate change on plant 
communities and agricultural systems in the region (Marquet et al. 2010, Hannah et al. 2013). 
Mediterranean regions were notably vulnerable to climate change as the increase in 
temperature, and reduced precipitation is expected to extend the duration of severe drought 
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(Schröter et al. 2005). Under these conditions water bodies would most likely be reduced in 
surface and volume and this could reduce the perception of quality aesthetic values (García-
Llorente et al. 2012, Martínez Pastur et al. 2015) and potentially feedback to urban settlement 
patterns due to pressure on the water supply. We did not include these potential concerns in 
our analysis.  
The urbanization driver did not dramatically affect the total supply of the ecosystem 
services we explored, but it may have localized impacts. The expansion of the city was 
predicted to affect agricultural areas (including wine production) on the periphery of the city. 
Scenic beauty was also expected to be affected by this driver, mainly in the mountainous areas 
of the city periphery where expansion is planned to occur (Romero and Ordenes 2004, De la 
Fuente de Val et al. 2006, Romero et al. 2012, Banzhaf et al. 2013, De Val and Muhlhauser 
2014, Puertas et al. 2014). Urban development at the foothills of the Andes and in the coastal 
range has been facilitated by a lack of regulations to protect natural areas and the ecosystem 
services they provide. When the effects of fire were taken into consideration, impacts on the 
ecosystem services were amplified. This was particularly evident for wine production because 
the occurrence of fire in this area was largely explained by human-induced variables, with a 
high probability of fire affecting areas close to the city and roads where suitable areas for wine 
production are located. These results were consistent with other studies modeling the 
occurrence of fire in Central Chile (Castillo 2012, Altamirano et al. 2013) and highlight the 
importance of fire as a major driver of change in the spatial patterns and overall supply of the 
selected ecosystem services.  
 
Our research contributes to the literature on ecosystem services scenarios  (Birch et al. 
2010, Haines-Young et al. 2011, Swetnam et al. 2011, Goldstein et al. 2012, Lamarque et al. 
2014, Lawler et al. 2014, Byrd et al. 2015a) in that we rapidly and inexpensively estimate the 
impact of interacting global and regional drivers on the supply of ecosystem services. There 
are few scenario studies to date that have assessed future changes in ecosystem services under 
climate change (e.g. (Bryan et al. 2010, Bryan et al. 2011a, Bryan et al. 2014, Lamarque et al. 
2014)), fewer that have assessed the effects of climate change and urbanization sprawl (e.g. 
(Bohensky et al. 2011, Shaw et al. 2011, Hoyer and Chang 2014, Byrd et al. 2015a)). For 
example, Shaw et al. (2011) examined the impact of climate change on the production and 
value of ecosystem services in California. Byrd et al. (2015a) develop climate and land-use 
change scenarios based on the IPCC narratives to understand the impacts to ecosystem services, 
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and Hoyer and Chang (2014) mapped the provision of freshwater ecosystem services under 
urbanization and climate change scenarios. 
 
Our study differs from previous studies in that we developed future scenarios 
highlighting that climate change and urbanization leaded to an overall decline in the supply of 
carbon, wine and scenic beauty, which was exacerbated by land-use interactions with climate. 
Considering combined impacts is an important advance over studies focused on the trajectories 
of independent drivers (Bryan 2013, Bryan and Crossman 2013). Nonetheless there are many 
challenges that remain. There was a need to deepen our knowledge on the emergent properties, 
complexities, interconnections and synergistic interactions among multiple drivers of change 
and ecosystem services (Liu et al. 2015). While scenario analysis is an important tool for 
exploring alternative futures arising from uncertainties in the drivers of change, it does not 
encompass all the different sources of uncertainty in modeling future impacts. For example, in 
this case study for wine production we did not consider all possible socioeconomic drivers of 
vineyard distribution neither the possibility that under severe climate change conditions less 
favorable environmental conditions would arise for wine production (e.g. aspect, soil moisture, 
nutrient availability). The models developed could be improved with finer parametrization 
under future conditions as ecosystem services productivity is quite likely to change unevenly 
across space according to biophysical and socioeconomic parameters. Ideally, we would have 
incorporated these uncertainties and others, such as those arising from model parameters and 
model structure (Refsgaard et al. 2007), which would likely lead to further variation in the 
results presented here.  More effective integration also requires using more powerful tools than 
those presented in this case study (e.g. Markov decision-making, supply chain analysis, 
multilevel modeling, agent based modeling), to be able to predict emergence of unexpected 
threats to ecosystem services (Liu et al. 2015). 
 
The decision-making processes of governments typically ignores the consequences of 
global change on the long-term sustainability of ecosystem services (Liu et al. 2015). To 
address this critical situation, international and national policy needs to include strategies to 
protect and manage ecosystem services despite the substantial uncertainties in future conditions 
(Kok et al. 2016). Scenarios of ecosystem services are an important component of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), 
demonstrating their utility at multiple scales (Díaz et al. 2015). IPBES has identified the 
development of scenarios as a key tool for helping decision-makers identify potential impacts 
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of different policy options on biodiversity and ecosystem services. The panel needs to engage 
with the great diversity of local contexts that are linked to global scale scenarios to improve 
the policy relevance of future IPBES scenarios (Kok et al. 2016). South America is a data 
sparse region in terms of ecosystem services knowledge (Boerema et al. 2016, Runting et al. 
2016). The local scenarios developed in this study case have the potential to inform the IPBES 
Americas section by providing a rapid and inexpensive assessment of the possible effects of 
drivers on the productivity of ecosystem services that are key to local people.  
 
3.6 Conclusion 
Central Chile is a particularly sensitive area for climate change due to severe dry 
conditions predicted by business as usual scenarios. Moreover, interactions between land-use 
and climate change will give rise to favorable conditions for fire propagation, putting 
substantial pressures on the ecosystem services studied and especially on wine production, one 
of the most important economic activities of the region. This information contributes to our 
growing understanding of the effects of global change on ecosystem services, and highlights 
the urgent need of institutional responses to steer us towards a more desirable future. 
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4. EQUITY AND ACCESSIBILITY OF CULTURAL ECOSYSTEM SERVICES 
FROM THE PROTECTED AREAS OF MEDITERRANEAN CHILE 
This chapter is reproduced from the following paper, with some alterations to formatting 
and structure:  
 
Martinez-Harms M.J., B.A. Bryan, S. Wood, D. Fisher, E.A. Law, J. Rhodes, C. Dobbs, D. 
Biggs, K.A. Wilson. Equity and accessibility of cultural ecosystem services from the protected 
areas of Mediterranean Chile. Submitted to Conservation Letters. 
 
This chapter is under review in Conservation Letters. The candidate developed the paper 
concept (80%) with the help of B.A. Bryan (20%). The candidate designed the model and 
conducted the analysis (80%), wrote and edited the paper (65%). B.A. Bryan helped designed 
the model (10%), wrote and edited the paper (10%). KA Wilson helped designed the analysis 
(5%), wrote and edited the paper (10%). S. Wood helped developed the model (5%), wrote and 
edited the paper (5%). D. Fisher helped developed the model (5%). E.A. Law wrote and edited 
the paper (5%). J. Rhodes wrote and edited the paper (5%). C. Dobbs wrote and edited the 
paper. D. Biggs wrote and edited the (5%).  
4.1 Abstract  
Experiences with nature through visits to protected areas are an important cultural 
ecosystem service that have the potential to strengthen pro-environmental attitudes and 
behavior. Understanding the accessibility of protected natural areas and likely preferences for 
enjoying the benefits of nature visits are key factors in identifying ways to improve the 
equability of access and inform the planning for future protected areas and their management. 
We develop, at a regional scale, a novel database of visits to protected areas in the 
Mediterranean region of Chile using geotagged photographs and assess the equality of the visits 
using the home locations of the visitors. We find that 20% of the population of the region make 
80% of the visits to protected areas. Wealthier people tend to travel further to visit protected 
areas while people with lower incomes tend to visit protected areas that are closer to home. 
Larger protected areas and those that are more biodiverse are the most visited. Our study has 
important policy implications: by providing information on the current spatial flows of people 
to protected areas, we demonstrate the need to expand the protected area network, especially 
in lower income areas, to improve equitable access to the benefits provided by nature.  
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Keywords: inequality, geotagged photographs, protected areas, nature visitation benefits, 
social preferences. 
4.2 Introduction 
 The creation of protected areas is an essential management strategy for conserving 
biodiversity (Gray et al. 2016) and delivering multiple ecosystem services (Pullin et al. 2013). 
Examples of these services include the provision of clean water to downstream users (Stolton 
and Dudley 2003), reducing flooding events (Bubeck et al. 2013), ensuring climate change 
adaptation and mitigation (Fisichelli et al. 2015, Melillo et al. 2016), and provision of cultural 
ecosystem services (Willemen et al. 2015). Cultural ecosystem services are the diverse range 
of non-material benefits people receive from natural ecosystems (Daniel et al. 2012). The 
cultural ecosystem services potentially contribute to human wellbeing by fostering physical 
and psychological welfare (Milcu et al. 2013, Satz et al. 2013, Avitabile et al. 2016, Shanahan 
et al. 2016). In protected areas, cultural ecosystem services include opportunities to enjoy 
natural settings, watch wildlife and participate in nature-based recreation, as well as supporting 
cultural identity and spiritual inspiration (Milcu et al. 2013, Satz et al. 2013, Avitabile et al. 
2016). The benefits of nature visitation are directly experienced and intuitively appreciated, 
and they have the potential to motivate and sustain public support for nature conservation 
(Daniel et al. 2012, Allan et al. 2015).  
 
When assessing the delivery of ecosystem services, the spatial distribution of the 
benefits and whether everyone has equal access to them are crucial considerations (Booth et al. 
2010, Shanahan et al. 2014). A thorough assessment is particularly relevant in the context of 
nature visitation because while the benefits provided by protected areas are available to the 
public, the delivery of the benefits is mostly localized. Some sectors of society potentially enjoy 
greater access to the benefits of protected areas as they have private transportation or a higher 
disposable income (Shores et al. 2007, Shanahan et al. 2014). Equality refers to the evenness 
of the distribution of goods and services across society, so when there is inequality divisions 
exist that favor or create opportunities for only a portion of society (Schuppert and Wallimann-
Helmer 2015). The effects of inequality on economic development, education, health, and 
social stability have been well documented (Parry 1997, Dockemdorff et al. 2000, Agostini and 
Brown 2007, Vásquez et al. 2013, Stierli et al. 2014). However, the effects of inequality in 
relation to access to protected areas and the cultural ecosystem services they provide have to 
date only been explored in the developed world and for limited geographical extents (Shanahan 
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et al. 2014, Wolch et al. 2014, Heagney et al. 2015). For example, Booth and colleagues (2010) 
reported inequality of access to nature recreation benefits in several protected areas in the 
United Kingdom and identified negative effects on human welfare and the extent of support 
for conservation in society.  
 
Social media offers high-resolution spatial data on visitation patterns across broad 
geographic extents, and it can also be used to infer the socioeconomic characteristics of visitors 
and visitor preferences (Keeler et al. 2015, Sessions et al. 2016, van Zanten et al. 2016). For 
example, geotagged photographs (i.e. images with spatial coordinate metadata) can provide 
insights into preferences for particular landscape attributes (Casalegno et al. 2013, Martínez 
Pastur et al. 2015, Richards and Friess 2015, Willemen et al. 2015). Social media data are thus 
a potential source of information to deliver cost-effective assessments of nature visitation 
benefits over regional areas (Wood et al. 2013, Keeler et al. 2015, Richards and Friess 2015, 
Sessions et al. 2016). While previous research has revealed spatial patterns of cultural 
ecosystem service use (Paracchini et al. 2014, van Zanten et al. 2016), the distribution of 
benefits among different communities is still to be assessed using these data. 
 
In this study, we quantify the equality of access to cultural ecosystem service benefits 
provided by the protected area system of the Chilean Mediterranean region. We explore key 
factors that influence visitation patterns and identify the landscape attributes preferred by 
visitors to the protected areas. Our results provide important insights into the accessibility of 
nature visitation benefits, and if the access is shared equally among various communities. This 
information can be used to inform the planning and management of protected areas to improve 
the equality of access to cultural ecosystem services in the future. 
4.3 Methods 
Study area 
The Mediterranean Region of Chile (Figure 4.1), between 32°02′S and 39°48′S (Fig. 
1), encompasses approximately 148,000 km2, with elevation ranging from 0 to 6500 m. The 
region is characterized by a Mediterranean climate (i.e. warm, dry summers and cool, wet 
winters) with mean daily maximum temperatures ranging from 20°C in summer to 8°C in 
winter and with an annual precipitation ranging from 250 mm (December to January) to 
700 mm (June to August) increasing with altitude and latitude (Luebert and Pliscoff 2006). The 
protected area system covers 4% of the Mediterranean region of Chile and comprises 
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65 protected areas including natural monuments (IUCN category III), national parks (IUCN 
category II), national reserves, and natural sanctuaries (IUCN category IV).  
 
Figure 4.1 The protected areas system of the Mediterranean region of Chile (Zhao et al. 2016) 
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Protected area visitation 
We developed a proxy for visitation rates to protected areas using publicly available 
geotagged photographs (Wood et al. 2013, Sessions et al. 2016). We used data stored on the 
Flickr photo-sharing website (www.flickr.com): freely available data that has previously been 
used as a source of information on human preferences over space and time (Wood et al. 2013, 
Keeler et al. 2015). We used the InVEST Recreation model (Sharp et al. 2016) to calculate the 
average annual photo-user-days (PUD) for each of the 65 protected areas in the Chilean 
Mediterranean region, based on Flickr photos taken from 2005 to 2014. The annual PUD is the 
total number of unique photographer-date combinations taken within a specified geographic 
boundary. If an individual took multiple photos at the same protected area on the same day, 
that would equate to a single photo-user-day (Wood et al. 2013). 
 
To validate our photo-visitation method for obtaining data on visitation patterns, we 
acquired data from the National Corporation of Forestry of the Chilean government 
(http://www.conaf.cl/parques-nacionales/parques-de-chile/). Annual visitor numbers from 
2007 were available for 35 of the 65 protected areas within the region. We calculated the annual 
number of visits to each of the 35 protected areas over an eight-year period (2007 to 2014). We 
applied a linear regression to verify the strength of the relationship between our PUD proxy for 
visitation and empirical visitation data from the government.  
 
Accessibility of protected areas 
To explore the equality of access to protected areas we obtained information on the 
home location of visitors within our photo-visitation database. A portion of Flickr users has a 
publicly available user profile where they self-report their home location (e.g. in this case 50% 
of the users). Home locations are reported on profiles as placenames, and we translated these 
to geographic coordinates using the Twofishes geocoder (www.twofishes.net). We deleted all 
personal information and assigned each user a numerical identification code that was associated 
with the number and location of their geotagged photographs and their user-specified home 
location. For the Flickr users who did not report their home location in their profile, we used a 
k-means clustering algorithm that aims to partition the number of observations into clusters in 
which each observation belongs to the cluster with the nearest means. The algorithm was used 
to estimate that user's home location based on clusters of all the other geotagged photographs 
they had ever shared publicly on Flickr. We aggregated the PUD visitation data at the commune 
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level (local government area) to provide an estimate of the number of visitors to protected areas 
arising from each commune. 
 
The socioeconomic characteristics of each visitor were assigned according to the 
characteristics of the commune to which their home location belonged. The commune is the 
smallest administrative unit for which socioeconomic data is collected via the National 
Socioeconomic Characterization Survey undertaken by the Chilean Ministry of Planning and 
made freely available to the public (Ministerio Desarrollo Social 2013). The survey had 
gathered information on 66,725 households (218,491 individuals) every two years since 1985 
from across the major administrative divisions of the country, which involved 15 regions, 
54 provinces, and 32 communes. The sample sizes at the regional level are noted in the 
supplementary information (Table S1). Individual households were selected for surveying 
using a stratified multiple stage probabilistic approach sub-dividing each commune into census 
blocks (within urban areas) or census enumeration sections (within rural areas). The survey 
provided information on income, education, work, health, housing conditions, and life 
satisfaction for these households.  
 
The Gini coefﬁcient is commonly used as a measure of inequality of wealth (Wolff 
1992). It measures the difference between a perfectly equitable distribution of resources and 
the actual distribution of resources and has been applied to assess other types of inequalities 
(Damgaard and Weiner 2000, Barr et al. 2011, Halpern et al. 2013, Tulloch et al. 2016a). We 
used the Gini coefficient to quantify the inequality of visitation to protected areas. A Gini 
coefficient of 0 equates to perfect equality and 1 to maximal inequality (Gurney et al. 2015). 
We calculated the Gini coefficient based on the Lorenz Curve using the formula defined by 
Damgaard and Weiner (2000). The Gini coefficient was calculated from the unordered data of 
the population visiting protected areas for the n communes (PUD visits divided by total 
population of each commune) as the mean of the difference between every possible pair of 
data, divided by the mean size µ: 
 
 
All data processing was conducted in R (R Core Team 2015) using the package ineq 
(Zeileis 2014). 
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Social variables explaining the distribution of cultural ecosystem services benefits  
We explored two variables likely to influence visits to protected areas: distance to a 
protected area and income. Distance traveled is a proxy for the financial and time costs required 
to visit protected areas (Ala-Hulkko et al. 2016), whereas overall income is indicative of the 
disposable income available to individuals to visit protected areas. We estimated distance 
traveled as the distance of the least cost path using the Origin-Destination matrix under the 
Network Analyst extension in ArcGIS 10.3 (ESRI 2011). The road network data was derived 
from the OpenStreetMap for Chile (OSM 2016). The distance between the recorded home 
location of each visitor within the photo-visitation database and the protected areas they visited 
was recorded and an average distance was calculated based on the number of visitors arising 
per commune. The average income per capita (Chilean pesos earned per year per person) for 
each commune was drawn from the National Socioeconomic Characterization Survey 
(Ministerio Desarrollo Social 2013). 
 
We determined the relationship between the average commune income (predictor 
variable) and the average distance traveled from communes to the visited protected areas 
(response variable). Specifically, we explored the relationship between income and the distance 
people traveled to the protected area system, weighted by the number of photo-user-days for 
each commune. To discard confounding effects between these variables, we tested the 
relationship between average income of each commune and the distance from each commune 
centroid to the protected areas and found no relationship between these variables (Kendall 
correlation r = -0.1). We tested if other socioeconomic characteristics of communes were 
related to visits to protected areas, including education, health, and car ownership.  
 
We developed a spatial layer of the accessibility of communes to protected areas. The 
aim of this map was to provide a spatial estimate of access of each commune to the protected 
area system based on the average income of the commune, distance traveled by the people in 
the commune weighted by the popularity of the protected area system. The accessibility 
measure was determined via: 
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:  Accessibility of each commune j to the protected area system i in the Chilean 
Mediterranean region.  
: The photo-user-days for each protected area i weighted by the distance traveled 
for each photo-user-day record. 
: Distance (km) via the road network from the protected area system i to the centroid 
of each commune j. 
 : Average annual income per capita of each commune j. 
 
Preferred landscape attributes of protected areas  
We explored several landscape attributes that could potentially influence social 
preferences for protected areas. Specifically, we tested whether protected area size, 
biodiversity, and aesthetic amenity were positively related to the popularity of each protected 
area (as defined above). In the Chilean Mediterranean region the size of the 65 protected areas 
varies from 0.003 to 785km², with 27 protected areas smaller than 10km². Smaller protected 
areas have been shown to attract fewer people in comparison with large areas (Balmford et al. 
2011). Biodiversity was represented by endemic plant richness (Pliscoff et al. 2014) and the 
number of ecosystems represented (Luebert and Pliscoff 2006). Aesthetic amenity was 
measured by the proportional coverage of forest and water bodies within each protected area 
(CONAF-CONAMA-BIRF 2014). We applied simple and multiple linear regression analysis 
using the t-test and F-test respectively and assessed the goodness-of-fit of the relationship 
between the popularity of the protected areas (response variable) and these landscape attributes 
(predictor variables).  
4.4 Results 
Protected areas visitation 
We found that the majority (56 out of 65) of the protected areas in the Mediterranean 
region of Chile had been photographed by Flickr users from 2005 to 2014. In these protected 
areas, the PUD ranges from 1 to 425 (Figure 4.2), with 60% of protected areas having PUD 
values of less than 50. Conguillio, Villarrica, Huerquehue, and La Campana National Parks are 
the most visited protected areas according to this metric, along with the Acantilados Federico 
Santa Maria and Peninsula de Hualpen National Monuments (Fig. 2). We found a significant 
and positive relationship between the PUD proxy for visitation and the empirical visitation data 
(R²=0.72, p<0.0001, F=73).  
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Figure 4.2 Total annual photo-user-days (PUD) for the 65 protected areas of the Chilean 
Mediterranean region, with a close-up view for four protected areas (displayed at a 500 m 
grid resolution)  
 
Distribution of access to protected areas 
We determined the home locations of 3,816 visitors who shared Flickr images and 
identified 2,944 of these visitors with home locations located in Chile. We give visitor’s home 
locations for four protected areas as specific examples (Figure 4.3). The home locations were 
distributed among 162 of the 324 communes of Chile. 
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Figure 4.3 Examples of the distribution of visitors’ home locations for four protected areas in 
the Chilean Mediterranean region: A. National Park La Campana, B. Natural Monument El 
Morado, C. Natural Reserve Altos de Lircay and D. Natural Reserve Malalcahuello 
 
The inequality of visitation to protected areas was high (Fig. 4, Gini coefficient = 0.79). 
According to the photo-visitation database, 20% of the population makes for 80% of the visits 
to protected areas in the region (Figure 4.4).  
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Figure 4.4 Lorenz curve for the cumulative proportion of population visiting protected areas 
in the Mediterranean region of Chile, based on the photo-visitation database (annual photo-
user-days standardized by the population size of each commune) 
 
Social variables explaining the distribution of cultural ecosystem services benefits  
The average income of the communes was a positive and significant predictor of 
the distance traveled to a protected area: Multiple R²=0.48, p<0.0001, F=130.2, DF=160. 
(Figure 4.5). Individuals from communes with a higher average income tended to travel further 
to protected areas and, conversely, individuals from communes with a lower average income 
visited protected areas in closer proximity to the commune in which they lived. We did not find 
significant relationships between any other single socioeconomic variable (education, private 
health, and car ownership) and the number of visits to protected areas. 
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Figure 4.5 Average distance traveled (km) to the protected area system per commune and 
the average commune income per capita in Chilean pesos, weighted by the total annual photo-
user-days 
 
The accessibility of the communes to the protected area system varies spatially (Figure 
4.6). The communes in northern administrative regions (regions V, RM, VI and VII) have the 
least access, measured as the average distance from the commune to all protected areas. For 
example, 90% of the Valparaiso region (region V in Figure 4.6) has low or very low access. 
The accessibility of the communes to the protected area system increases in the southern 
regions where the communes are closer to the protected areas (because there is a greater area 
protected) and the protected areas are also more popular. For example, in the most southern 
region called Araucania (region XI in Figure 4.6), 40% of the region has high and very high 
access to the protected area system. 
 
81 
 
 
Figure 4.6 (a) Accessibility of communes to the protected area system based on average 
income and distance traveled, weighted by the popularity of the protected area system. 
 (b) A bar graph representing the administrative regions of Mediterranean Chile from north to 
south and the percentage of area in each access category. 
             
Preferred landscape attributes of protected areas  
The popularity of protected areas was positively related to the size of protected areas 
(Figure 4.7a), the endemic plant richness (Figure 4.7b), and the number of ecosystems 
represented (Figure 4.7c). The multiple regression model including these three explanatory 
variables together explained a significant amount of the variance in visits (Multiple R²=0.39, 
p<0.0001, F=11, DF=52) but, similar to results from a simpler model that included just the size 
of the protected areas (R²=0.37). We did not find a significant relationship between protected 
areas and the aesthetic quality of protected areas, measured as the cover of forests and water.       
82 
 
                    
 
Figure 4.7 Landscape attributes of the protected areas correlated with visitation, (a) area of the 
protected area, (b) number of endemic plants, and (c) number of ecosystems represented in the 
protected areas. All variables on the y axis are plotted on a log scale.  
4.5 Discussion 
 Using a novel database of visitation to protected areas for the Mediterranean region of 
Chile we reveal that access to protected areas is very unequal with the majority of visits to 
protected areas arising from a small proportion of communes. The distance traveled to 
protected areas is positively related to the average income of the communes where the visitors 
reside. Individuals from wealthier communes tend to travel further to visit protected areas while 
people from poorer communes visit protected areas that are closer to their home locations. The 
accessibility map shows that access is particularly limited in the northern portion of the 
Mediterranean region where there is a smaller area protected overall (Figure 4.6). This is the 
first time in Latin America that the equality of visitation to protected areas has been assessed 
and the first time that the distribution of nature visitation benefits has been appraised across 
such a large geographic extent.  
 
Previous studies have addressed the distribution of protected areas using distance 
analysis and census data (Lindsey et al. 2001, Nicholls and Shafer 2001, Ala-Hulkko et al. 
2016) and assessed how access to nature varies across different socioeconomic groups 
(Shanahan et al. 2014). Most studies use direct surveys within protected areas (Booth et al. 
2010, Ament et al. 2016). Our results are consistent with previous studies suggesting that the 
lowest income earners have more-limited access to protected areas (Lindsey et al. 2001, Booth 
et al. 2010, Shanahan et al. 2014). Our study advances previous efforts by providing the first 
comprehensive regional assessment of equality of the distribution of benefits provided by 
visiting nature. 
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In the Mediterranean region of Chile, the size of the protected areas and their 
biodiversity are positively influencing visitation of the protected areas. Specifically, the larger 
protected areas located in the southern part of the region are the most popular. However, these 
areas are distant from the main urban settlements in which most of the country’s population 
concentrates. As the Mediterranean region has a very low percentage of public land and 
contains some or the smallest protected areas of the country and the world (Kuempel et al. 
2016), these findings call attention to the need to expand the current protected area system and 
improve the equity of access.  
 
Chile has the highest income inequality of any Organization for Economic Co-operation 
and Development (OECD) country, and one of the highest levels of income inequality in Latin 
America (Pizzolitto 2005, OECD 2015). An unequal distribution of nature visitation benefits 
could have important implications for the wellbeing of the Chilean population. There is 
evidence that knowing and experiencing nature makes people happier and healthier (Burns 
2005, Bratman et al. 2012, Russell et al. 2013). For example, being in nature relieves stress 
(Van Den Berg et al. 2007), improves physical health (Ulrich 1984, McCurdy et al. 2010) and 
makes people more productive and creative (Maller et al. 2006). A hypothesis termed 
“biophilia” asserts the existence of a biologically based, inherent human need to affiliate with 
nature (Kellert and Wilson 1995). The lack of experiences and interactions with nature affects 
peoples’ physical and emotional wellbeing (Bratman et al. 2012, Keniger et al. 2013, Russell 
et al. 2013) and prevents people from developing connections to nature, which can lead to 
negative attitudes towards nature (Louv 2008). There is a need to improve access to protected 
areas in the Mediterranean region of Chile to minimize the level of disconnection with nature 
and associated negative impacts on human welfare (Gurney et al. 2015, Klein et al. 2015).  
 
Information on visitation rates to protected areas is limited and sparse (Balmford et al. 
2015). Given the scarcity of data on visits to protected areas, we used all available regional 
level data. However, our models explained only part of the variance (e.g. just 45% and 39% of 
the variance of visitation patterns were explained by the socioeconomic and landscape attribute 
variables respectively). Variables such as infrastructure inside protected areas (Pullin et al. 
2013), transport options to protected areas as Chile boast an extensive public transportation 
network (Spenceley et al. 2015), biophysical attributes such as climate and elevation, and 
sociodemographic characteristics at the individual level such as age, gender and education 
(Booth et al. 2010) could also drive visitation patterns. We were unable to identify clear 
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relationships between nature recreation and the other socioeconomic variables collated in the 
national survey such as education, car ownership, and health. Other limiting factors related to 
the interest to visit protected areas, is related to the fact that people in Chile prefer to visit 
coastal areas for their cultural ecosystem services such as quietness and scenery of the coast 
(De Juan et al. 2017). The public protected area system covers a small portion of the study 
region and is largely biased towards Southern and high elevation areas of the Andean range 
(Duran et al. 2013). I highlight the need to expand the protected area network to bring people 
(and especially those with lower income) close to protected areas.  
 
 The use of social-media to estimate visits to protected areas has limitations that warrant 
consideration. In this case the content of the photo was not interpreted, so the photos does not 
necessarily have to do something with cultural ecosystem services in protected areas. Another 
limitation is that Flickr users may not be representative of all beneficiaries of cultural services 
from protected areas. For example, these results might be biased towards younger or wealthier 
segments of the Chilean Mediterranean population, although we found that visitation rates 
estimated from photographs were strongly correlated with those from empirical data from the 
government. Initiatives that encourage visitors to contribute images while visiting protected 
areas and to report more information about their socioeconomic background and social 
preferences could facilitate cost-effective future studies of recreational behavior and at 
larger scales. 
 
As well as expanding the coverage of public protected areas, private landholders could 
also provide biodiversity conservation and public access for nature recreation through 
voluntary or incentivized programs. The forestry and agriculture sectors own a substantial 
proportion of natural land in the more populated areas of the Mediterranean region (Zorondo-
Rodríguez et al. 2014). Vineyards have expanded rapidly in Central Chile (Castañeda et al. 
2015), and the wine industry is interested in environmentally-friendly practices, setting aside 
native forest for conservation, and ecotourism (Merelender et al. 2014). The forestry industry, 
through engagement with the Forest Stewardship Council certification program, is also setting 
aside an important amount of native forest for conservation, especially in the Nahuelbuta 
coastal range (Pauchard et al. 2007). However, our study also shows the preference of people, 
and particularly wealthier populations, to seek the benefits of nature from larger, more 
biodiverse parks, which are located further from populated areas. Thus, while these initiatives 
on private land could help improve equitable access to nature recreation opportunities, they are 
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unlikely to be able to provide the full nature visitation benefits of “wilderness” in larger, more 
biodiverse public protected areas. Further, the preference that we observe for biodiverse areas 
suggests that sustainable tourism and management strategies, which focus on maintaining and 
enhancing biodiversity, will be important. 
 
Our case study has important policy implications in providing information on the 
distribution and spatial flows of people to protected areas. Conservation of natural ecosystems, 
cultural ecosystem services and the delivery of recreational benefits are explicit objectives of 
the Chilean protected area system policy (Chilean Government 1984). Maintaining the 
equitable distribution of nature recreation benefits alongside a representative sample of 
biodiversity are key goals of a sustainable network of protected areas in Chile. Nonetheless, 
the current protected areas system fails to conserve a representative sample of biodiversity 
(Luebert and Becerra 1998, Pliscoff and Fuentes-Castillo 2011) and our study provides 
empirical evidence that the access to protected areas available to the Chilean population is 
unequal. This information is key to informing the planning and management of future protected 
areas to improve the equity of access. 
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5. COST-EFFECTIVE RESERVE SYSTEM DESIGN FOR ACHIEVING 
CONSERVATION GOALS AND IMPROVING ACCESSIBILITY IN 
MEDITERRANEAN CHILE 
This chapter is reproduced from the following paper, with some alterations to formatting 
and structure:  
 
Martinez-Harms M.J., B.A. Bryan, H.P. Possingham, A. Chauvenet, M.D.P. Costa, 
P. Pliscoff, K.A. Wilson. Cost-effective reserve system design for achieving conservation goals 
and improving accessibility in Mediterranean Chile. To be submitted in Conservation Letters 
 
This chapter is under preparation. The candidate developed the paper concept (80%) with the 
help of B.A. Bryan (10%) and input from K.A. Wilson (10%). The candidate designed and 
conducted the analysis (80%), and wrote and edited the paper (65%). B.A. Bryan provided help 
designing the analysis (10%), and wrote and edited the paper (10%). KA Wilson helped 
designed the analysis (10%), wrote and edited the paper (15%). A. Chauvenet wrote and edited 
the paper (5%) and M.D.P. Costa processed spatial data (10%).  
5.1 Abstract  
The Mediterranean region of Chile is a unique biodiversity hotspot with a deficient protected 
area network. We explored cost-effective reserve systems to optimally expand the protected 
area network to improve the conservation of 34 Mediterranean forest type ecosystems at 
minimum cost. Using systematic conservation planning we highlight spatial priority areas for 
scenarios (i) minimizing land acquisition cost, (ii) maximizing social accessibility, seeking to 
minimise the extent to which people will have limited access to protected areas, and (iii) 
minimizing the trade-off between cost and accessibility. The trade-off scenario shows that it is 
possible to improve social accessibility while simultaneously minimizing land cost. This 
scenario suggested that social accessibility could be improved by 40% and biodiversity by 70% 
at an increase in cost of only 30% (US$47 million). Our analysis provides a template for 
policymakers and planners to strategically identify new locations for protected areas achieving 
biodiversity conservation, increasing social accessibility and minimizing cost. Expanding the 
protected area network to achieve conservation with the joint aims of enhancing social 
accessibility and reducing land cost could potentially increase the success of protected areas as 
a conservation tool by bringing people closer to nature. 
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Keywords: conservation planning, social accessibility, land acquisition cost, protected area 
network, reserve design, scenarios. 
5.2 Introduction 
Protected areas are an essential management strategy to conserve biodiversity (Gray et 
al. 2016) and deliver multiple ecosystem services vital for human wellbeing (Pullin et al. 2013). 
To respond to environmental threats, such as habitat loss and climate change, international 
conservation policy (CBD 2010) has made important calls to expand protected area networks 
by establishing new protected areas or enlarging existing ones to improve ecosystem 
representation, increase connectivity and expand the coverage of areas important for 
biodiversity and ecosystem services (Rodrigues et al. 2004, Aycrigg et al. 2013). However, 
optimizing the spatial configuration of the expansion of protected area networks for conserving 
biodiversity and ecosystem services is a challenge, given limited resources and information. 
Increasing threats to biodiversity and conflicting societal and economic interests for land-use 
make this particularly difficult (Remme and Schröter 2016).  
 
Systematic conservation planning helps to select a network of protected areas that meet 
pre-specified conservation targets while minimizing the cost of the plan (Chan et al. 2006, 
Reyers et al. 2012a, Adams et al. 2016). This approach involves the systematic identification 
of surrogates for conservation features, the setting of quantitative and operational targets, and 
the recognition of how these targets can be met by conservation areas minimal cost; and it uses 
explicit, yet simple, heuristic methods to locate and design conservation areas (Chan et al. 
2006, Reyers et al. 2012a, Adams et al. 2016). Accounting for costs, such as the cost of 
acquiring land, has the potential to improve the delivery and effectiveness of conservation 
planning outcomes (Naidoo and Ricketts 2006, Carwardine et al. 2010, Evans et al. 2015, 
Remme and Schröter 2016) and helps avoid expensive mistakes (Ban and Klein 2009). 
 
The use of spatial planning tools that simultaneously consider the conservation of 
biodiversity and ecosystem services has gained attention in the last decade (Chan et al. 2006, 
Chan et al. 2011, Schröter et al. 2014a, Snäll et al. 2016, Verhagen et al. 2016, Di Minin et al. 
2017). In conservation planning, ecosystem services have been incorporated as benefits (many 
regulating and cultural services), or, in the case of extractive provisioning services, as an 
opportunity cost of conservation since their use can be restricted (Chan et al. 2011). However, 
accounting for the demand of ecosystem services has rarely been addressed when prioritizing 
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the expansion of protected area networks (but see (Cimon-Morin et al. 2014, Verhagen et al. 
2016)).  Expanding the protected area network by targeting just the biophysical supply side of 
ecosystem services can result in failure to position protected areas where ecosystem services 
are likely to be most useful to people. Using a beneficiaries approach to prioritize the expansion 
of the protected area network, could ensure that sites selected for biodiversity conservation also 
provide accessible benefits.  
 
The achievement of better accessible benefits involves designing the expansion of 
protected areas to increase social accessibility to protected areas. In many cases, protected areas 
can be seen as an elitist protection policy, reserving desirable conditions for those sectors of 
society with sufficient resources to enjoy them (O'Keeffe 2013). Conservation efforts targeting 
social accessibility will bring protected areas closer to all segments of the population, which 
has the potential to motivate and sustain public support for nature conservation by better 
providing improved access to natural ecosystems and experiences, and fostering an intuitive 
appreciation of nature (Daniel et al. 2012, Allan et al. 2015). The consideration of social 
accessibility in conservation planning can ultimately increase the likelihood of the success of 
protected areas as a conservation tool. However, despite its importance, social accessibility has 
been largely ignored in the spatial conservation priority setting.  
 
Improving the effectiveness of the protected area network is particularly relevant for 
the Mediterranean region of Chile. This region is an important hotspot of plant biodiversity 
endemism (Myers et al. 2000) with a public and private protected area system that only covers 
6.5% of the region, which is largely biased to the South and the Andean range. Alaniz et al. 
(2016) reported that the ecosystems of Central Chile are highly threatened with 23% of the 
region under threat categories according to the IUCN Red List of Ecosystems criteria. 
Conservation efforts targeting social accessibility into the design of the protected area network 
are also extremely important as current accessibility is inequitable in the region with 20% of 
the population making 80% of the visits to protected areas (Chapter 4). Wealthier people tend 
to travel further to visit protected areas while people with lower incomes tend to visit protected 
areas that are closer to home. In this region, there is an urgent need to expand the protected 
area network, especially in lower income areas, and to increase access to protected areas.  
 
In this study, we explore four conservation scenarios in Mediterranean Chile. We 
highlight spatial priority areas for four scenarios representing: (i) the current protected area 
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network, (ii) minimizing land acquisition cost, (iii) maximizing a social accessibility penalty 
that seeks to minimise the extent to which people will have limited access to protected areas 
and (iv) minimizing the trade-off between cost and accessibility. We compare the four 
scenarios for biodiversity performance, conservation cost and their social accessibility index. 
5.3 Methods 
Study area 
The Mediterranean Region of Chile (32°02′ and 39°48′S, Figure 1) encompasses an 
extent of approximately 148,000 km2, with elevation ranging from 0 to 6500 m.a.s.l. 
Characterized by a Mediterranean climate (i.e. warm, dry summers and cool, wet winters), 
mean daily maximum temperatures range from 20°C in summer to 8°C in winter, and annual 
precipitation ranges from 250 mm (January to December) to 700 mm (June to August), 
increasing with altitude and latitude (Luebert and Pliscoff 2006). The region is one of 35 global 
biodiversity hot spots with more than 1600 endemic species (Myers et al. 2000). The current 
system of public parks comprises 65 protected areas, including natural monuments (IUCN 
category III), national parks (IUCN category II), national reserves and natural sanctuaries 
(IUCN category IV). The size of the 65 protected areas varies from 0.003 to 785 km², with 27 
protected areas smaller than 10 km². The public protected area system covers just 4% of the 
whole region and is largely biased towards high elevation areas of the Andean range (Armesto 
et al. 2010). In Chile, private conservation has recently been officially recognised by law, 
adding a further 2.5% to the total area of the conservation network, but these areas are small 
and patchy (Figure 5.1). 
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Figure 5.1 The protected areas (public and private) situated in the Mediterranean region of 
Chile (Zhao et al. 2016). 
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Conservation scenarios targeting costs 
We compared a baseline scenario that reflects the current protected area network 
encompassing public and private protected areas (Figure 5.1) with three  conservation 
scenarios, the first minimizing land acquisition cost, the second minimizing the penalty for 
social accessibility (e.g. planning units with low social accessibility receive a higher priority 
than areas with high social accessibility, so their inclusion is more important) and the third 
minimizing the trade-off between low cost and high accessibility (see Table 5.1).  
 
Table 5.1 Conservation decision framework applied to cost-effectively expand the current 
protected area network improving biodiversity representation and increasing social 
accessibility at minimum cost in the Mediterranean region of Chile 
Fundamental objective: to cost-effectively expand the current conservation network improving 
biodiversity and social accessibility at minimum cost. 
1. Objectives 
Baseline scenario 
representing 
current 
conservation 
Minimum cost 
system achieving 
biodiversity targets 
(minimise land 
cost) 
Maximum social 
accessibility 
achieving 
biodiversity targets 
(minimise penalty 
for access) 
Minimizing trade-
off between cost 
and accessibility 
achieving 
biodiversity targets 
(minimise trade-
off cost and 
access) 
2. Conservation 
feature 
Biodiversity: 34 native forest ecosystem types   
3. Measurable 
targets 
Representation of 
the forest 
ecosystem types in 
the current 
protected area 
network. 
Meet 17% of the target. For the forest ecosystems classified as 
critical and endangered according to the IUCN red list of 
ecosystems (Alaniz et al. 2016)) we increased the target to 30%. 
4. Determine 
conservation 
actions 
Current protected area network represented by public and private protected areas. 
5. Estimate 
conservation 
costs 
Cost of the land in 
the current 
protected area 
system (USD/ km²) 
Cost of the land per 
productive land 
cover type (USD/ 
km²) 
Social accessibility 
index (Chapter 4). 
Cost of the land 
multiplied by social 
accessibility. 
6. Estimate 
conservation 
benefit 
Area in km2 required to meet the 34 forest ecosystem targets  
7. Review 
outputs 
Selection frequency of solutions (100), best least cost solution. 
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For the minimum land cost scenario we calculated a land acquisition cost proxy 
developing a look-up-table based on reported average economic values of productive land per 
region and geological district (ODEPA 2009). We developed a map of the average acquisition 
value of land in USD per km² (Figure 5.2). For the maximum social accessibility scenario, we 
used accessibility as a penalty based on a spatial layer at the commune level that highlights 
areas with low access to parks. The social accessibility index is based on the empirical 
relationship between the income of the commune and the distance from communes to protected 
areas weighted by the popularity of the protected area network equivalent to the distance 
traveled by visitors to the protected area system (Chapter 4). A database of the location of 
visitors to protected areas obtained from social media and measured as unique photographer-
date combinations taken within a specified geographic boundary (Photo-user-day), was used 
to develop a spatial layer of the accessibility of communes to protected areas (see Figure 5.3). 
The layer is based on the following equation: 
 
 
 
:  Accessibility of each of the 324 communes j to the entire protected area system 
in the Chilean Mediterranean region.  
: Total distance traveled summed across all photo-user-days for each protected 
area i.  
: Distance (km) via the road network from each protected area i to the centroid of 
each commune j. 
 : Average annual income per capita of each commune j. 
 
To calculate the scenario minimizing the trade-off between cost and accessibility, we 
linearly rescaled the social accessibility penalty index in values from one to five and multiply 
the rescaled layer with the land acquisition cost layer. Multiplying both spatial layers implies 
that locations with low land acquisition cost values and low values of social accessibility will 
be prioritized versus locations with high land acquisition cost values and higher accessibility 
and this is the purpose of the trade-off scenario (see Figure 5.2). 
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Figure 5.2 Maps of the: (a) land acquisition cost (USD/ha); (b) social accessibility penalty 
based on the empirical relationship between income of the commune and the distance 
traveled from communes to protected areas weighted by the popularity or distance traveled 
from visitors to protected areas (Chapter 4); (c) minimizing trade-off between cost and access 
and (d) map of the 34 remnant forest ecosystem types that represent the conservation 
features. 
 
Conservation features 
As a surrogate for biodiversity, we used the pre-European forest ecosystem types. We 
considered the 34 forest ecosystem types represented in a pre-European vegetation map 
(Luebert and Pliscoff 2006) removing areas where native forest had been removed according 
to the land cover map (CONAF-CONAMA-BIRF 2014). This vegetation map has been 
identified as the official ecosystem type classification by national conservation authorities 
(see Figure 5.2).  
 
Measurable targets 
The Convention on Biological Diversity's Aichi Target 11 mandates that 17% of 
terrestrial areas of importance to biodiversity and ecosystem services should be conserved 
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through effectively and equitably managed systems of protected areas and other effective 
conservation measures by 2020 (CBD 2010). We aimed to maintain 17% of each conservation 
feature, considering Aichi Target 11 acknowledging that such uniform policy-driven targets 
may not be appropriate for ensuring the ongoing preservation of conservation features. Alaniz 
et al. (2016) recently reported a list of the threatened ecosystems of Central Chile according to 
the IUCN Red List of Ecosystems criteria. For the 5 ecosystems that are endangered or critical 
(ecosystems 6, 7, 22, 24 and 25 according to Table 1) we increased the target to 30% (J. Alaniz 
et al. 2016). We estimated the cost of achieving the target with the best solution output (which 
was taken as the network that met the target at the least cost) at 17% target level and estimated 
the area needed to achieve the targeted area for forest ecosystem types. 
 
Conservation action  
We considered the current protected area network represented by public and private 
protected areas. Public and private protected areas datasets were obtained from the Chilean 
Ministry of Environment in vector format (ide.mma.gob.cl). In 2016, a new conservation policy 
(law 20930) was established in Chile to mandate the right to do private conservation through a 
voluntary agreement by landholders in Chile. This legally binding agreement limits certain 
types of uses or prevents development on land to preserve its conservation value or landscape 
attributes and functions. We included all existing public reserves (65 public protected areas) 
and private conservation areas (95 private protected areas) in every scenario (see Figure 1).  
 
Spatial prioritization 
To identify conservation priorities we used the conservation planning tool Marxan to 
compare the protected area expansion under the three conservation scenarios and in achieving 
biodiversity targets (see Table 1). Marxan uses a heuristic optimization algorithm with the help 
of simulated annealing to develop spatially explicit solutions for conservation problems (Ball 
et al. 2009). Marxan minimises the total cost of sites in a protected area network while meeting 
a set of targets for biodiversity features. The problem that Marxan solves is: 
 
Minimize                                                                                                                     (1)   
Subject to                                                                                            (2) 
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Where  is a control variable indicating if a planning unit (i = 1,…, N) is selected  = 1) or 
not = 0) and  is the cost of the planning unit. Eq. (1) is minimised subject to target  
being met for all conservation features (j = 1,…,S), where  is the conservation benefit for 
feature j in planning unit i.  
 
We used 1 km²-planning units (~148,744 planning units) and tested the scenarios for 
the biodiversity features represented by the 34 native forest types. Marxan Species Penalty 
Factor (SPF) determined the importance of meeting the target and in this case was kept at 1.0 
for all features excepting those where the target was not met. In those cases, we increased the 
SPF to 10.0 to increase the likelihood of the target being met. The boundary length modifier 
(BLM) is used in Marxan analysis to influence the degree of connectivity between planning 
units selected as conservation priorities. Marxan’s BLM was set to the value of 10.0 after 
testing its sensitivity. Marxan analyses were calibrated and all scenarios were run with 100 
repetitions and 10 million iterations.  
 
To explore cost-effective expansion of the protected area network achieving 
biodiversity and increasing social accessibility at the lowest cost, we used the best solution 
(that which met targets at the minimum cost from 100 runs) to compare the four scenarios in 
terms of the: area of the reserve, biodiversity performance (number of forest ecosystem types 
represented less than 17%), cost and social accessibility measure. We used the selection 
frequency output (the number of times that a planning unit was selected in the 100 runs) as a 
measure of the relative priority of each area and for spatial representation purposes. We 
compared the spatial distribution in spatial priorities for conservation when applying 
each scenario.  
 
5.4 Results 
 The baseline scenario represents an area of 9642 km² (or 6.5% of the Mediterranean 
region), which makes a small contribution to the achievement of the biodiversity targets (see 
supplementary material Chapter 5, Table 2). The baseline scenario under-represents 28 forest 
ecosystem types and achieves only 12% of their total coverage in the protected area network. 
There are 19 forest ecosystem types represented by less than 5% of the coverage and forest 
types such as the sclerophyllous coastal forest types, have less than 2% of their coverage 
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represented in protected areas (see supplementary material Chapter 5, Table 2). The cost of the 
current protected area network is approximately 140 million USD and the accessibility penalty 
equals 22050 km² of the region.  
 
Table 5.2 Comparison of the four scenarios in terms of the area of the reserve, biodiversity 
performance (number of forest ecosystem types under-represented or represented by less than 
17% in their extension in the protected area network), cost and accessibility measure. 
 
Conservation scenarios 
Area of the 
reserve 
(km²) 
Biodiversity 
performance  
Cost (million 
USD) 
Accessibility 
penalty 
(km²) 
Baseline scenario representing current 
conservation 
9642 28 139 22050 
Minimum cost system achieving 
biodiversity targets (minimise 
land cost) 
13702 4 186 30560 
Maximum social accessibility 
achieving biodiversity targets 
(minimise penalty for access) 
13798 5 210 28993 
Low cost/high accessibility achieving 
biodiversity targets (trade-off low 
between cost and access) 
13707 4 186 28282 
 
The scenario minimizing cost represents an area of 13700 km² contributing much better 
to target achievement, just under-representing 4 forest types. The scenario is nearly 47 million 
USD more expensive than the baseline, and the social accessibility penalty is higher by 40%. 
The maximum penalty for access scenario and the combined trade-off scenario results in 
similar-sized reserves compared with the cost scenario, but the former under-represents 5 forest 
types and the combined under-represents 4. The maximum penalty for access scenario results 
in the most expensive outcome being 71 million USD more expensive than the baseline. The 
trade-off scenario cost is similar to the minimal cost one, but the cost scenario was more 
effective with the highest social accessibility index.  
 
Figure 3 presents the spatial priorities for the scenario minimizing cost (Figure 3a), 
maximizing social accessibility (see Figure 3b) and the minimizing trade-off between cost and 
access (see Figure 3c). The subset of candidate priority areas — which are always selected 
regardless of where the scenario is located in the coastal range of the Mediterranean region — 
especially prioritize the protection of sclerophyllous coastal forests. In these landscapes native, 
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vegetation clearing has left few options for meeting biodiversity and ecosystem services 
targets (Figure 3).  
 
Figure 5.3 Selection Frequency (SF) maps of sites achieving a 17% for each of the 34 forest 
ecosystem types: (a) scenario minimizing land acquisition cost, (b) scenario maximizing 
social accessibility, and (c) combined trade-off scenario minimizing cost and improving social 
accessibility simultaneously  
 
The spatial priority map for the scenario minimizing cost and combining cost and social 
access show a corridor of conservation priority sites at 34°S connecting protected areas located 
in the coastal range (e.g. “Palmas de Cocalan” and “Roblerias de los Cobres de Loncha”) with 
protected area “Rio Clarillo” at the south foothills of Santiago (see Figure 4a). These scenarios 
also show high conservation priorities surrounding the Nahuelbuta coastal range at 37°S (see 
Figure 4b). There are also high conservation priorities in the Andean range from 35°S to 37°S, 
prioritizing protection of Mediterranean deciduous forest types under these scenarios (Figure 
3a and c). The scenario maximizing social accessibility (see Figure 3b) shows high 
conservation priority sites in the coastal range between 32 and 33°S and in the Andean range 
from 34 to 36°S (from protected area “Alto Huemul” to “Radal siete tazas”).  
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Figure 5.4 The trade-off low cost/high accessibility scenario highlights a subset of areas that 
are irreplaceable under both scenarios, (a)  highlights a corridor of conservation priority sites 
at 34°S connecting protected areas located in the northern coastal range and (b) highlights high 
priorities surrounding the Nahuelbuta coastal range at 37°S 
5.5 Discussion 
As Aichi targets are now integrated into UN Sustainable Development Goals, decision- 
makers are required to better respond to international conservation commitments to support 
environmentally sustainable development (Di Minin et al. 2017). Aichi Target 11 aims to 
achieve by 2020, 17% of representative and well-connected terrestrial areas important for 
biodiversity representation (CBD 2010). This is particularly challenging for South American 
countries such as Chile, which claims to achieve 17% of the area, but the area is not truly 
representative of the range of terrestrial ecosystems (Pliscoff and Fuentes-Castillo 2011). The 
situation of the Mediterranean sclerophyllous ecosystems of Chile is especially critical with a 
current protected area network that covers a small proportion of the remnant ecosystems 
(see Table 3).   
 
When looking at options to expand the protected area network, another challenge faced 
in a region of intensive agricultural and forestry production landscapes such as Mediterranean 
Chile, is dealing with conflicting societal and economic interests for land-use. The conservation 
literature emphasizes the need to minimize the cost of conservation to develop plans that are 
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cost-effective to implement and manage (Carwardine et al. 2008, Klein et al. 2008, Ban and 
Klein 2009, Evans et al. 2015). Our spatial prioritization outputs provide a template for 
policymakers and planners to strategically identify locations that improve equity in social 
access to cultural services while increasing representation of valuable biodiversity. 
 
This study is novel because it explores options for protected area expansion targeting 
social accessibility to the benefits derived from protected areas in local communities. Social 
accessibility has rarely been addressed in spatial conservation priority settings, and we show 
that it is possible to improve accessibility in a cost-efficient manner. Bringing protected areas 
closer to people better enables the flow of visitors to protected areas that represent natural 
ecosystems, allowing the visitors to experience and appreciate nature (Daniel et al. 2012, Allan 
et al. 2015). This has the potential to motivate and sustain public support for conservation, 
which can ultimately increase the likelihood of success of protected areas as a 
conservation tool.  
 
The comparison of the four scenarios shows that the current protected area network is 
largely deficient, inadequately representing 28 of the 34 forest ecosystem types which is largely 
biased towards high altitudes (Durán et al. 2013) and lower opportunity cost areas in the region. 
However, prioritizing conservation scenarios highlights a subset of areas that are irreplaceable 
under the minimum cost scenario and the combined trade-off scenario (see Figure 4). These 
high priority areas contain examples of rare biodiversity for which there are few or no 
substitutes in the region. For example, there is an area of approximately 1800 km², which is 
irreplaceable under acquisition cost and social accessibility simultaneously. These scenarios 
highlight a corridor of conservation priority sites at 34°S connecting protected areas located in 
the northern coastal range and also show high priorities surrounding the Nahuelbuta coastal 
range at 37°S.  
 
Planning for the expansion of the protected area network in the Mediterranean region 
needs to be urgently addressed to increase the representation of these irreplaceable areas.  The 
minimum cost scenario and the trade-off scenario resulted in offering the most cost-effective 
expansion. These scenarios, which are 33% more expensive than the baseline situation, 
increase representation of biodiversity by 70% (e.g. 30 of the forest types are represented by at 
least 17%) and social accessibility by 40%. Our approach can be used to determine which 
action to undertake in a given location. Our results suggest that land acquisition is better 
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targeted away from the costly land around cities, particularly away from cities such as Santiago, 
Valparaiso and Concepcion along the coastal range. While social accessibility-targeted areas 
on the northern section of Valparaiso region and also along the coastal section of the region 
that currently have very low access to protected areas.  
 
There are uncertainties behind the conservation plans that deserve attention. When 
implementing the conservation decision-making framework, we considered social accessibility 
to protected areas as a cost but increasing social accessibility can also be seen as a benefit for 
conservation. Running the conservation planning approach applying different combinations of 
costs and benefits to reach conservation solutions, can result in different spatial outputs. Given 
these challenges, it would be important for future applications to incorporate uncertainty and 
risks associated with the outcome of protected area decisions. A recent version of Marxan 
address uncertainty by incorporating probabilities to conservation decisions (Tulloch et el. 
2016b).  
 
We did not consider risks like climate or land cover changes in the conservation plans 
that if incorporated would have changed our final outcomes. Risks also should be tackled in 
future research about the conservation of the Mediterranean region. The current inefficient 
protected area network makes conservation features highly vulnerable to critical drivers of 
change, such as the interactions between climate change and land cover change (Schulz and 
Schröder 2017). This is a highly relevant issue in regions in which large-scale wildfires have 
affected 1000 km² of native forest, such as in the Chilean Mediterranean, displacing thousands 
of households. The suspected causes of the fires are attributed to a combination of factors such 
as record high temperatures, an extended drought hitting the region, and the current landscape 
configuration, which is dominated by monoculture plantations that have replaced native forest 
with fast-growing exotic tree plantations (Martinez-Harms et al. 2017b). The consequences of 
scenario alternatives on ecosystem services (e.g. wine production, carbon storage and scenic 
beauty) have been assessed at the local level in a section of the study area (Martinez-Harms et 
al. 2017a). The developed scenarios predicted that the interactions between land-use and 
climate would give rise to favourable conditions for fire propagation, putting substantial 
pressure on ecosystem services and especially on wine production, an important economic 
activity in the region.   
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The current inefficiencies in representation of biodiversity features make evident the 
urgent need for landscape conservation planning in the region. Immediate action is needed to 
engage landowners, where unrepresented remnant forest ecosystem types occur, and provide 
them with targeted incentives for conservation. Conservation planning targeting social 
accessibility, provides important opportunities for conservation and to improve human 
wellbeing. As such, payments for ecosystem services to offset the opportunity costs of 
conservation might be an important incentive for the conservation of native forests on private 
land. We developed an approach that can be adapted in collaboration with national 
conservation stakeholders to respond to international conservation policy commitments 
involved in Aichi Target 11. The application of a conservation planning approach allowed the 
identification of locations that improve biodiversity conservation and social accessibility in a 
cost‐effective way.  
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6. DISCUSSION 
 
The belief that ecosystem services can lead to better environmental decision-making 
underpins much of the interest in ecosystem services in both science and policy agendas. 
Nonetheless, the integration of ecosystem services into decision-making remains challenging 
and has yet to change land-use decisions. This thesis advances the field by applying decision 
science in ecosystem services assessments to strengthen the dialogue and narrow the gap 
between science and decision-making. My thesis identifies caveats to better incorporate 
ecosystem services into management decisions (Chapter 2) and evaluates case studies 
focusing on three critical challenges in understanding that will better inform management 
decisions for ecosystem services. The challenges are: (a) evaluate the consequences of scenario 
alternatives and the role of interactions between drivers of change that affect the future supply 
of ecosystem services (Chapter 3), (b) the development of user-related measures to assess 
ecosystem services and their final distribution to beneficiaries (Chapter 4), and (c) adopting a 
landscape planning approach for expanding the protected area network, targeting social 
accessibility to the benefits from nature (Chapter 5). This chapter outlines the main 
contributions of the thesis that advances the field and identifies useful avenues for 
future research. 
6.1 Structured decision-making approach for ecosystem services 
Contributions to the ecosystem services field 
In Chapter 2 of my thesis, I synthesize the degree to which the peer-reviewed 
ecosystem services literature has captured the steps of a structured decision-making process. I 
have adapted a decision-making framework from (Gregory et al. 2012) comprising five core 
steps: identification of the problem and its social-ecological context, specification of objectives 
and associated performance measures, identification of alternative management actions and 
evaluation of the consequences of these actions, assessment of trade-offs and prioritization of  
actions, and the making of management decisions. I found that few studies (~3% of 144 papers 
reviewed) reported the on-ground implementation of ecosystem services management actions 
and my synthesis provided evidence that ecosystem services science has so far failed to cover 
all the steps of a structured decision-making process. I recommend that for the ecosystem 
services paradigm to gain traction in science and policy arenas, future ecosystem services 
assessments should have clearly articulated objectives, seek to evaluate the consequences of 
alternative management actions, and facilitate closer engagement between scientists and 
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stakeholders. Evidence-based science should underpin management decisions for ecosystem 
services, and our decisions should account for the multiple values and preferences 
of stakeholders.  
 
 Ecosystem services research encounters heavy criticism from those who argue that the 
quantification and valuation of ecosystem services is a narrow approach that puts a price on 
nature while failing to reflect people’s multiple values and ethics for nature (Gunton et al. 
2017). I agree with this opinion — it is challenging to capture the diverse ways in which people 
may value and perceive natural places and biodiversity, and their conservation. The framework 
that we adapted and proposed in Chapter 2 offers a set of responses to this problem. Our 
framework goes beyond just focusing on the quantification of ecosystem services and instead 
looks through the lens of the whole decision-making process, starting with understanding the 
social-ecological context with a focus on representing the concerns and aspirations of 
stakeholders in the decision-making process (Runge et al. 2011, Gregory et al. 2012). 
 
Challenges and avenues for future research: science and implementation gap 
The gap between the knowledge generated by scientists and its uptake by practitioners 
is a widely recognized challenge in applied ecology (Hulme 2014), conservation (Arlettaz et 
al. 2010, Toomey et al. 2017), and ecosystem services science (Cowling et al. 2008). My thesis 
narrows the gap between ecosystem services science and decision-making. Nevertheless, there 
is still space and challenges to be addressed to close the gap even further. Any bid to inform 
management decision-making requires ecosystem services research to be inspirational and 
useful for end-users, be responsive to stakeholder needs from the outset, and ensure 
collaboration with practitioners both before research initiation and after its completion 
(Cowling et al. 2008, Martinez-Harms et al. 2015). Advancement requires both scientists and 
practitioners to participate in a reciprocal and frequent exchange of information and knowledge 
(Hulme 2014). The field of ecosystem services has largely ignored the field of knowledge 
exchange (Dunlop 2014, Jordan and Russel 2014), has not embraced the complexity of 
translating different types of knowledge (Verburg et al. 2015) and sought to address the 
constraints that might limit effective knowledge transfer (Scarlett 2013).  
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Table 6.1  Terms and definitions to describe the knowledge exchange process derived from 
(Fazey et al. 2013) 
 
Knowledge exchange term Definition 
Knowledge generation New knowledge produced as an output of a process 
Knowledge transfer 
One-way process implying linear delivery and reception of 
knowledge 
Co-production of knowledge 
A process where knowledge is produced through interaction of 
people that have different values and background 
Knowledge exchange 
Multiple path knowledge process implying multiple delivery and 
reception of knowledge with mutual benefits and  mutual learning  
Sharing knowledge 
Multiple path knowledge process implying multiple delivery and 
reception of knowledge with mutual benefits and  mutual learning 
with greater recognition of the value of the knowledge of those 
sharing the knowledge 
Knowledge translation 
Implies communication of knowledge using a language modified 
for recipients 
Knowledge transformation Changing the knowledge towards a different state or condition  
 
Participatory methods, such as the knowledge co-production approach (see Table 6.1), 
seem particularly important in closing the gap between ecosystem services and decision-
making (Reyers et al. 2015). The knowledge co-production approach is defined as “the 
collaborative process of bringing a plurality of knowledge sources and types together to address 
a problem and build an integrated understanding of that problem” (Armitage et al. 2011). For 
example, Reyers et al. (2015) applied a knowledge co-production approach with beneficiaries 
and managers of ecosystem services and assessed its success in generating shared knowledge 
and action for ecosystem services. The approach was found successful in building shared 
knowledge to design and implement actions to improve ecosystem services delivery (Reyers et 
al. 2015). Participatory approaches, such as the knowledge co-production approach, may better 
fit local interests and preferences for ecosystem services (Dunlop 2014), having the potential 
to empower stakeholders to act locally (Armitage et al. 2011), making sustainable 
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transformations and improving land governance through collective decisions about ecosystem 
services (Verburg et al. 2015).  
Another issue that deserves attention, is the difficulty behind performing the multiple 
steps comprised in the proposed structured decision framework of Chapter 2. The reasons for 
this difficulty is due to the relatively short time-frame of scientific research projects and 
political election periods. The application of this framework very challenging as it requires a 
long term collaboration process between scientists and decision makers from setting 
transparent objectives to implement decisions.  
6.2 Scenario alternatives and the role of interactions between drivers of change 
Contributions to the ecosystem services field 
In Chapter 3 of my thesis, I develop scenarios illustrating the cumulative impacts of 
climate change, urbanization, and fire on ecosystem services. I demonstrate a rapid assessment 
showcasing the interacting effects of global change drivers on ecosystem services in Central 
Chile, a region for which data is sparse. Central Chile provides a good example, from the Latin 
American realm, as the region had experienced rapid transformation from natural landscapes 
to urbanization, forestry, and agricultural development. Local experts identified climate 
change, urbanization, and fire events as key drivers of change. Scenarios depicting plausible 
future trajectories of change were developed to assess the combined effects on carbon storage, 
wine production, and scenic beauty for the year 2050. Across the region, the action of the 
drivers reduced the total amount of ecosystem services, and the reductions were even more 
dramatic when interactions between climate and land-use change were taken into 
consideration, accounting for nearly 90% of losses.   
 
My application significantly advances the ecosystem services field by providing an 
estimation of the cumulative impacts of multiple global change drivers on ecosystem services 
in a developing country of Latin America, which had rarely been addressed in the literature 
(Runting et al. 2016). There are few scenario studies to date that have assessed the effects of 
climate and land-use change (e.g. (Bohensky et al. 2011, Shaw et al. 2011, Hoyer and 
Chang 2014, Byrd et al. 2015b)), and even fewer have considered interactions between drivers 
(e.g. (Oliveira et al. 2013a)). My study offered new insights through the development of future 
scenarios highlighting that global change drivers led to an overall decline in the delivery of 
ecosystem services (carbon, wine, and scenic beauty), which was exacerbated by land-use 
interactions with climate.  
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Consideration of the combined consequences of multiple drivers is an important 
advance over studies focusing on the trajectories of independent drivers. Such projections 
enhance the communication of ecosystem services assessments, embracing uncertainty 
and informing the development of robust land-use policies (Dunford et al. 2014, Lamarque 
et al. 2014).  Without considering these combined impacts, scientists and managers are likely 
to incorrectly forecast the future provision of ecosystem services, ultimately failing the purpose 
of using ecosystem services to improve management (Bennett 2016). The outputs of this study 
have been disseminated to local decision-makers through personal communication and 
meetings with national institutions like the Chilean Ministry of Environment and through the 
publication of the results in Spanish in a free monthly magazine on conservation decision 
science focused on practitioners and a broader non-academic audience. 
 
Challenges and avenues for future research: limitations in capturing uncertainty 
Ecosystem services management has to cope with a high degree of uncertainty related 
to changes in socioeconomic and environmental conditions, as well as in societal values 
(Brunner et al. 2017). Reporting uncertainty and assessing the robustness of study conclusions 
is critical in ecosystem services science for ensuring the production of quality science and 
delivering credible conclusions (Hamel and Bryant 2017). Information regarding the quantity 
and location of these uncertainties can help in identifying which areas require management 
attention and policy support. Nonetheless, there has been a poor uptake of uncertainty analysis 
in ecosystem services assessments (Hamel and Bryant 2017). The ecosystem service scenarios 
developed in Chapter 3 are an important output of this thesis capturing uncertainty. These 
scenarios provide an exploration of the ramifications of novel future situations arising from the 
interaction of land-use and climate change drivers. Nonetheless, the scenarios developed have 
several limitations in capturing all the different possible sources of uncertainty and modeling 
future outcomes that warrant consideration. 
 
There are considerable uncertainties associated with the ecosystem service models 
under potential future changes, including inaccurate measurement of variables and the 
limitations associated with encompassing all the different sources of uncertainty in modeling 
future impacts. The scenarios did not consider emergent properties, complexities, 
interconnections and synergistic interactions among the multiple drivers of change and 
ecosystem services (Liu et al. 2015). The scenarios were not able to address every possible 
socioeconomic variable that could affect the production and spatial distribution of ecosystem 
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services, and they also did not address the possibility that under severe climate change 
conditions far less-favourable environmental circumstances would arise for ecosystem services 
production. The ecosystem services models for wine production and carbon sequestration did 
not account for the multiple effects of processes that cannot be sufficiently represented in 
spatial or temporal detail because of limitations imposed by the resolution of data and other 
modeling constraints (McFarlane 2011). These uncertainties deem that the outputs of this study 
should be taken as only indicative to illustrate potential impacts of global change on the 
provision of ecosystem services 
The models could be improved with more-finely tuned parameters under future 
conditions, as the supply of ecosystem services is likely to vary across landscapes according to 
biophysical and socioeconomic parameters. Further sensitivity analysis on key values and the 
model structure would be required for further inference (Refsgaard et al. 2007). For example, 
a more sophisticated modeling approach to quantify the uncertainty in future climate 
conditions, could have included probability distribution functions producing an ensemble of 
model predictions of future climate (Parker 2013). This could have been done by changing 
uncertain parameters in the model and weighting each model through its potential to simulate 
current and past climate observations, increasing the complexity of the models.  
 
Effective integration to account for the interaction between multiple drivers of change, 
also requires using more powerful tools than those presented in this case study (e.g. Markov 
decision-making, supply chain analysis, multilevel modeling, agent-based modeling), to be 
able to predict the emergence of unexpected drivers of change (Liu et al. 2015). Ideally, the 
models would have incorporated these uncertainties, and others, which would be likely to lead 
to further variation in the outputs presented in Chapter 3.  
 
Ecosystem services assessments tend to avoid uncertainty because it is too difficult and 
time consuming or because of the common use of scarce and poorly characterized data, which 
in turn makes it difficult to assess and communicate uncertainty (Hamel and Bryant2017, 
Milner-Gulland and Shea 2017).  In this chapter the uncertainty underpinning scenario results 
can come from different sources, like the context of the problem (e.g. if we are considering 
future climate, socio-economic, development or technological conditions), the input data (e.g. 
land cover and land use data, climate data, topography data, agricultural yield, economic cost 
and biodiversity layers used) and the model itself (e.g. uncertainty behind the bioclimatic 
suitability model that use many  assumptions and doesn’t consider the effect of socio-economic 
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variables, uncertainty in the parameters used and the thresholds applied, or uncertainties behind 
the selection of the global climate models). 
 
 Applying decision science for ecosystem services should involve the characterization 
of uncertainty and the critical evaluation of the robustness of the results to achieve credible 
outputs. If resources or modeling expertise is not available for managers, even the simplest 
conceptual model can be useful in communicating and enhancing understanding of the 
ramifications of uncertainty (Henrichs et al. 2010, Milner-Gulland and Shea 2017). In this case 
study there is a trade-off between simplicity of the models and its usage for decision-making. 
Model simplicity is desirable in decision-making for transparency, ease of validation and 
description of the models (Caro et al. 2012). The simplicity of our scenarios is one of its 
attraction because an analysis which that is well understood by decision-makers it is more 
likely to be implemented for policy purposes.   
6.3 User-related measures to assess ecosystem services  
Contributions to the ecosystem services field 
The ecosystem service frameworks such as the Millennium Ecosystem Assessment and 
the recent Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 
assume a stock flow logic in the supply and delivery of ecosystem services, in other words, 
they assume improving the supply of ecosystem services will linearly increase human 
wellbeing. This is not always the case given the impact of social and power relations in the 
delivery of ecosystem services and the distribution of benefits across social groups (Berbés-
Blázquez et al. 2016). The socioeconomic status of ecosystem services beneficiaries is often 
ignored in ecosystem service assessments, assuming everyone appreciates the same benefits 
equally (Cowling et al. 2008, Berbés-Blázquez et al. 2016, Gunton et al. 2017). The ecosystem 
services literature has largely focused on the biophysical supply of ecosystem services without 
careful treatment of the flows to beneficiaries (Martinez-Harms et al. 2015). This situation 
poses the risk of perpetuating social inequalities in the distribution of nature’s benefits.  
 
In Chapter 4, I advanced the ecosystem services field by developing a database of user-
related measures for cultural ecosystem services. The database obtained from social media 
consisted on the location of protected areas in the Mediterranean region of Chile and the 
distance traveled by people to visit them. I assessed the distribution of benefits of nature visits 
and likely preferences for enjoying these benefits, which are key factors in identifying ways to 
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improve equity in access. I found that only 20% of the population of the region make 80% of 
the visits to protected areas. Wealthier people tended to travel further to visit protected areas, 
while poorer people tended to visit closer protected areas. By providing information on the 
current spatial flows of people to protected areas, I demonstrate the need to expand the 
protected area network, especially in lower income areas, to improve equitable access to the 
benefits provided by nature.   
 
Chapter 4 represents the first study in Latin America that addresses how nature 
visitation benefits from protected areas are distributed among the population and the first time 
ever that the distribution of nature visitation benefits has been appraised across such a large 
geographic extent using social media data. The outputs of this study were used as input data in 
the implementation of a conservation decision science approach to propose the expansion of 
the protected area network improving social access to cultural ecosystem services and 
biodiversity conservation. 
 
Challenges and avenues for future research: limitations in addressing social relations 
and equity 
In Chapter 4, I have assessed ecosystem services from the ecosystem services benefits 
side (see the ecosystem services framework, in Chapter 1) characterizing spatial flows of 
people to protected areas and highlighting the unequal distribution of the benefits — with the 
privilege of receiving the benefits going to those with the economic resources to enjoy them. 
Chile has the highest income inequality of any Organization for Economic Co-operation and 
Development (OECD) country, and one of the highest levels of income inequality in Latin 
America (Pizzolitto 2005, OECD 2015). An unequal distribution of nature visitation benefits 
has important implications for the wellbeing of the Chilean population. The lack of access to 
natural ecosystems could prevent people from knowing, perceiving and developing 
connections with nature, which can lead to negative attitudes towards nature (Louv 2008). 
There is a need to expand the current protected area network to improve equity in access to 
protected areas in the Mediterranean region of Chile to minimize the level of 
disconnection with nature and associated negative impacts on human welfare (Gurney                  
et al. 2015, Klein et al. 2015).  
 
Recently, (Schröter et al. 2017) provides a framework to link ecosystem services to 
sustainable development, through strategies to achieve ecosystem services sustainability. 
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Among these strategies are the equitable intra- and inter-generational distribution of ecosystem 
services. Although central to sustainability, the assessment of how ecosystem services benefits 
and values are distributed has not frequently been addressed in the ecosystem services literature 
(Boerema et al. 2016). Equity in the distribution of ecosystem services must be addressed in 
future efforts to respond and contribute to the achievement of the Sustainable Development 
Goals (SDG) such as the promotion of peaceful and inclusive societies (SDG 16), ending 
poverty (SDG 1) and promoting protection and restoration of ecosystems (SDG 15) (Griggs et 
al. 2013). Incorporating the assessment of fairness in the distribution of ecosystem services 
benefits among social groups is urgently needed, as the concept is increasingly adopted on 
issues related to poverty and vulnerability. Further, as inequity is often seen as a source of 
conflict, prioritizing equity and fairness in the access to ecosystem services benefits can 
facilitate acceptance and subsequent higher likelihood for success of policy applications 
(Halpern et al. 2013). Addressing these dimensions will steer scientists, practitioners, and 
policymakers towards putting ecosystem services management at the service of sustainability 
and social justice.  
 
In this thesis, I didn’t assess the power relations mediating access, use and distribution of 
ecosystem services, which is a complex challenge, as these relations result from the interactions 
between social, economic, political and ecological factors (Hicks and Cinner 2014, Pascual et 
al. 2014). For example, in many countries of South America, landscapes managed for intensive 
agricultural production — such as soybean (in Brazil and Argentina), banana (in Ecuador) and 
avocado (in Mexico) — are often surrounded by poor and marginalized communities. These 
agricultural commodities are often traded in the market for the benefit of powerful actors or 
consumers who are often disconnected from the immediate social-ecological context of these 
landscapes (Berbés-Blázquez et al. 2016). Future ecosystem services research should focus on 
addressing power relations across stakeholders to deliver socially fairer outcomes and the 
improvement of equity in access to ecosystem services (Pascual et al. 2017). 
6.4 Landscape planning for expanding conservation and improving social accessibility  
Contributions to the ecosystem services field 
In Chapter 5 of my thesis, I explored scenarios to optimally expand the current 
protected area network to improve biodiversity representation and increase social accessibility 
to natural protected areas. Using systematic conservation planning, I identify priority areas and 
highlight spatial differences in relative priorities for two alternative constraints: land 
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acquisition costs and social accessibility. The latter seeks to minimize the extent to which 
people have limited access to new protected areas. The trade-off scenario combining cost and  
accessibility distinguished cost-effective locations for when considering land acquisition and 
improving social access simultaneously. Our analysis provides a template for policymakers 
and planners to efficiently expand the protected area network with the joint aims of enhancing 
social accessibility while achieving biodiversity representation. Targeting the expansion of the 
protected area network to remove accessibility barriers could ultimately increase the success 
of protected areas as a conservation tool by bringing people closer to nature. 
 
It is challenging to find options to expand the protected area network in a region of 
intensive productive landscapes such as Mediterranean Chile, because of competing land-uses. 
The conservation literature emphasizes the need to minimize the socioeconomic cost of 
conservation to develop plans that are cost-effective to implement and manage (Carwardine et 
al. 2008, Klein et al. 2008, Ban and Klein 2009, Evans et al. 2015). Spatial planning tools can 
be used to identify solutions that minimise cost and provide the basis for landscape planning in 
a cost-effective way (Chan et al. 2006, Chan et al. 2011, Schröter et al. 2014a, Law et al. 2016, 
Snäll et al. 2016, Verhagen et al. 2016, Di Minin et al. 2017). Nevertheless, expanding 
protected area networks targeting the cost-effective delivery of biophysical aspects of 
ecosystem services could result in failing to position natural protected areas where ecosystem 
services are likely to be most useful for people. In Chapter 5, I explored scenarios to expand 
the protected area network maximizing social accessibility to the benefits derived from 
protected areas to local communities. Social accessibility has rarely been addressed in spatial 
conservation planning, and I contribute to the literature showing that it is possible to improve 
social accessibility at minimum cost. Bringing protected areas closer to people better enables 
the flow of visitors to protected areas.  
 
Chile is a signatory country to the Convention on Biological Diversity (CBD), and its 
national biodiversity strategic plan incorporates the Aichi targets (OECD/ECLAC 2016). Aichi 
Target 11 aims to achieve, by 2020, the integration of 17% of representative and well-
connected terrestrial areas important for biodiversity and ecosystem services supply and 
delivery into broader landscape planning (CBD 2010). This is challenging for South American 
countries and particularly for Chile, which claims to achieve the 17% target, but this is not 
representative of the range of terrestrial ecosystems (Pliscoff and Fuentes-Castillo 2011). The 
spatial prioritization analysis undertaken in Chapter 5 provides evidence of the critical 
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situation of native forest in the Mediterranean region of Chile (e.g. 12% of the remaining native 
forest is currently represented in protected areas and 19 of the 34 forest types are represented 
less than 5% of their total coverage).  The current inefficiencies in the protected area network 
make native forest highly vulnerable to critical drivers of change such as deforestation and the 
interactions between climate and land cover changes (Schulz and Schröder 2017). I did not 
consider climate or land cover change threats in the conservation plans. These threats are a 
highly relevant issue in this region where large-scale wildfires have recently affected 1000 km² 
of native forest (Martinez-Harms et al. 2017b). Moreover, it is predicted that Mediterranean 
ecosystems will be impacted by climate change with more frequent and intense wildfires in the 
future (Turco et al. 2017). 
 
Planning for the expansion of the protected area network needs to be urgently addressed 
to increase the representation of these threatened ecosystems but also increase social 
accessibility. The analyses in Chapter 5 guides the achievement of Target 11, encapsulating 
conservation ideas such as irreplaceability, complementarity, connectivity, and cost-
effectiveness in conservation plans for improving biodiversity and social accessibility. Using 
a beneficiaries-focused approach to prioritize the expansion of the protected area network, like 
the one used in Chapter 5, should ensure that sites selected for native forest conservation also 
provide benefits that are accessible to all components of society. Currently, there are new 
opportunities for conservation in Chile, as a national conservation policy 20930 has been 
recently promulgated regulating the right to undertake private conservation measures through 
a legally binding agreement that prevents development on land to preserve its conservation 
value. Despite the progress, government action is needed to implement measures that will 
facilitate private conservation and address the loss of the ecosystem services provided by native 
forest that could trigger social costs that outweigh the opportunity costs to local stakeholders. 
Instruments such as ecological fiscal transfers, which can be used to compensate for the costs 
resulting from land-use restrictions (Ring 2008), or payments for ecosystem services (Di Minin 
et al. 2017) should be implemented to facilitate conservation (Martinez-Harms et al. 2017b). 
 
To communicate and disseminate the outputs of Chapter 5, I have been meeting and 
presenting my work to local authorities managing the protected area network like the National 
Forestry Corporation (www.conaf.cl).These stakeholders are very interested in the application 
of a conservation decision science approach, such as the one presented in Chapter 5 (Table 
5.1), to explore options to expand the current conservation network. I have also published a 
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letter in Science highlighting the urgent need to expand the current protected area system that 
have been motivated several conservation initiatives and restoration projects in the country. 
 
Challenges and avenues for future research: limitations in incorporating ecosystem 
services into spatial planning 
 
Conservation planning guides spatial and temporal decisions through the prioritization 
of actions achieving explicit and defensible objectives by considering benefits and threats cost-
effectively (Pressey and Bottrill 2008, Mills et al. 2013, Brown et al. 2015). Despite its popular 
use to locate and design conservation areas (Chan et al. 2006, Reyers et al. 2012a, Adams et 
al. 2016), in many cases the approach has failed to characterize the inevitable hard choices and 
trade-offs involved in applying conservation and management actions, which have resulted in 
implementation failures (Ban et al. 2013). To be effective and avoid failures, conservation and 
management decisions should account for the social, economic and political dimensions in 
which actions are to be implemented (Ban and Klein 2009, Cornu et al. 2014, Bennett et al. 
2017). Approaches that characterize the social dimensions of ecosystems and their services 
remain a few fragmented, sectoral, and limited in scope (Liquete et al. 2013, Cornu et al. 2014). 
These limitations constrain our understanding on how human–ecosystem interactions like the 
supply and demand of ecosystem services drive conservation outcomes. 
 
For example, accounting for the demand of ecosystem services has rarely been 
addressed when prioritizing the expansion of protected area networks in conservation planning 
— but see (Cimon-Morin et al. 2014, Verhagen et al. 2016).  Making conservation decisions 
based just on the potential supply of ecosystems to provide services could result in spending 
limited conservation funds in remote areas, and thereby not providing accessible benefits to 
people. A demand-based approach could ensure that priority areas for conservation provide 
accessible benefits derived from cultural services. In Chapter 5 I address this challenge by 
targeting areas to improve social accessibility to benefits provided by protected areas. 
Identifying areas of low cost and high accessibility has the benefit of improving efficiency and 
improving social accessibility to the protected area network simultaneously. A remaining 
challenge would be to test expansion scenarios targeting demand, or areas closer to human 
settlements where demand for ecosystem services is higher. The consideration of equity in 
access among beneficiaries is fundamental when prioritizing for cultural ecosystem services to 
deliver socially fair conservation plans (Chapter 4).  
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There are uncertainties behind the conservation plan that deserve attention. When 
implementing the conservation decision-making framework, we considered social accessibility 
as a cost but this could also be considered as a benefit for conservation. Running the 
conservation planning approach applying different combinations of costs and benefits to reach 
conservation decisions, can result in different spatial outputs. It would be important for future 
applications to incorporate risk or uncertainty associated with the outcome of protected area 
decisions. A recent version of Marxan incorporate just that by adding a probability to 
conservation decisions (Tulloch et el. 2016b).  
 
A demand-based approach might be better suited to quantifying the instrumental value 
of nature or relational values, which is the importance of nature in fostering desirable 
relationships between people and nature. However, there are other values that might be better 
suited to a supply-based approach such as the value of nature itself or the ‘intrinsic’ value 
(Jacobs et al. 2016) or the ‘bequest’ value, which is the satisfaction of preserving nature for 
future generations (Gunton et al. 2017). The Intergovernmental Platform on Biodiversity and 
Ecosystem Services, recently launched their pluralistic approach recognizing the diversity of 
values from nature and is currently conducting the first global assessment on values of nature 
(Pascual et al. 2017). Jacobs et al. (2016) also highlighted this diversity of values and presented 
an integrated ecosystem valuation advocating for a plural valuation culture as a common 
practice promoting the inclusion of diverse values (Jacobs et al. 2016).  Other conservation 
planning versions can also accommodate multiple objectives and costs (Watts et al. 2009) and 
this could be used to represent these multiple values. For the local context with specific 
stakeholders it would be appropriate to ask them about how they appreciate nature in these 
various ways and the relative importance of these values. A main remaining challenge would 
be to incorporate these multiple social values in spatial planning processes. 
 
 
 
 
 
115 
 
6.5 Concluding remarks 
The research that comprises this thesis addresses the ambitious question of: How can ecosystem 
services science advance to improve environmental decision-making at multiple scales? This 
thesis advances the field by applying decision science in ecosystem services assessment to 
strengthen the dialogue and narrow the gap between science and decision-making.  My thesis 
identifies important caveats to better incorporate ecosystem services in management decisions 
and evaluates case studies focusing on critical challenges to better inform management 
decisions for ecosystem services. The rapidly growing paradigm on ecosystem services is an 
opportunity to incorporate the multiple ways in which people value and perceive ecosystems, 
biodiversity and their conservation, yet, our understanding is far from complete. New ideas and 
knowledge to improve decision-making for ecosystem services are needed to ensure the 
multitude of values derived from ecosystems are conserved and managed for 
future generations. 
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Supplementary Material 2 
Table B.1 
ID: number of the reference in Appendix A. Problem: (a) Planning for the management of ES, (b) Policy design for ES, (c) Allocation of 
investments for ES, (d) Trade-offs between ES, (e) Assessment of threats to ES, (f) Quantification and mapping of ES. Scale: Patch (P), Local 
(L), Regional (R), National (N), Global (G). Ecosystem: Terrestrial (T), Freshwater (F), Marine (M). Type of economy: Low-income (L), 
Lower-middle-income (LM), Upper-middle-income (U), High-income (H). Ecosystem Services analyzed: (1) Food provision,  (2) Raw 
materials, (3) Energy, (4) Genetic resources, (5) Biochemical, natural medicines, pharmaceuticals, (6) Fresh water provision, (7) Air quality 
regulation, (8) Climate regulation (carbon storage and sequestration), (9) Water quality, (10) Erosion prevention, (11) Soil fertility, (12) 
Biological control, (13) Pollination, (14) Moderation of extreme events, (15) Spiritual and religious values, (16) Scenic beauty, (17) Cultural 
heritage, (18) Tourism and/or recreation, (19) Multiple ES, (20) Biodiversity. 
 
ID Problem Scale Ecosyste
m 
Country Type of 
economy 
Ecosystem Services analyzed 
a b c d e f P L R N G T F M L L
M 
U H 1 2 3 4 5 6 7 8 9 1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
1           ✔     ✔         ✔ Mexico     ✔   ✔                                       
2 ✔         ✔   ✔         ✔   Spain       ✔ ✔               ✔ ✔               ✔     
3 ✔       ✔       ✔         ✔ Indonesia   ✔     ✔                                       
4 ✔             ✔           ✔ Scotland       ✔ ✔   ✔                             ✔     
5 ✔             ✔           ✔ USA       ✔                                     ✔   
6       ✔   ✔   ✔ ✔     ✔     United Kingdom       ✔ ✔             ✔                   ✔   ✔ 
7   ✔       ✔     ✔     ✔     USA       ✔ ✔                                       
8   ✔             ✔     ✔     USA       ✔                                     ✔   
9           ✔       ✔   ✔     New Zealand       ✔ ✔ ✔       ✔   ✔ ✔ ✔                   ✔ 
10       ✔   ✔     ✔     ✔     China     ✔             ✔   ✔ ✔   ✔   ✔             ✔ 
11       ✔ ✔ ✔     ✔     ✔ ✔   China     ✔   ✔   ✔           ✔                       
12 ✔     ✔   ✔       ✔   ✔     United Kingdom       ✔ ✔             ✔               ✔   ✔   ✔ 
13         ✔ ✔     ✔     ✔     Alaska       ✔ ✔ ✔                               ✔   ✔ 
14     ✔ ✔   ✔   ✔ ✔     ✔     Mexico, Argentina, Chile     ✔ ✔ ✔ ✔           ✔                   ✔     
15 ✔     ✔           ✔   ✔ ✔   South Africa - Lesotho   ✔ ✔   ✔   ✔           ✔                     ✔ 
16           ✔ ✔           ✔   South Africa     ✔                                       ✔   
17 ✔         ✔     ✔     ✔     USA       ✔               ✔     ✔                 ✔ 
18   ✔               ✔   ✔     Sweden       ✔ ✔                                     ✔ 
19     ✔           ✔     ✔     Australia       ✔                                     ✔   
20   ✔           ✔         ✔   Australia       ✔               ✔ ✔     ✔       ✔       ✔ 
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ID Problem Scale Ecosyste
m 
Country Type of 
economy 
Ecosystem Services analyzed 
a b c d e f P L R N G T F M L L
M 
U H 1 2 3 4 5 6 7 8 9 1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
21 ✔               ✔     ✔     Australia       ✔                                     ✔   
22 ✔               ✔     ✔     Australia       ✔                                     ✔   
23 ✔         ✔     ✔     ✔     Australia       ✔                                     ✔   
24     ✔           ✔     ✔     Kenya ✔       ✔                                     ✔ 
25           ✔     ✔       ✔ ✔ Mexico     ✔                                       ✔   
26 ✔         ✔     ✔     ✔     USA       ✔ ✔         ✔   ✔         ✔ ✔       ✔   ✔ 
27   ✔ ✔           ✔     ✔     China     ✔     ✔               ✔                     
28       ✔             ✔ ✔     Developing countries in 
East Africa, Latin 
America and South Asia.  
✔         ✔           ✔                         
29 ✔     ✔   ✔     ✔     ✔     South Africa     ✔     ✔           ✔ ✔                       
30           ✔     ✔     ✔ ✔   Australia       ✔                                     ✔   
31 ✔     ✔   ✔     ✔     ✔     Australia       ✔ ✔             ✔                         
32   ✔           ✔       ✔     Sao Tome and Principe   ✔                   ✔                       ✔ 
33         ✔ ✔     ✔         ✔ Lithuania       ✔ ✔ ✔                                   ✔ 
34           ✔       ✔   ✔     South Africa     ✔             ✔   ✔ ✔ ✔ ✔                 ✔ 
35 ✔     ✔         ✔     ✔     South Africa     ✔   ✔             ✔ ✔                     ✔ 
36 ✔         ✔       ✔   ✔     United Kingdom       ✔ ✔             ✔                   ✔   ✔ 
37         ✔         ✔   ✔     United Kingdom       ✔ ✔                                     ✔ 
38 ✔               ✔     ✔     Italy       ✔   ✔         ✔ ✔ ✔         ✔   ✔ ✔     ✔ 
39           ✔       ✔   ✔     China     ✔                             ✔             
40 ✔         ✔     ✔     ✔ ✔   Spain       ✔           ✔                             
41 ✔         ✔   ✔       ✔     USA       ✔ ✔             ✔ ✔                       
42   ✔ ✔         ✔       ✔ ✔   Sweden       ✔                 ✔             ✔       ✔ 
43     ✔     ✔   ✔       ✔     Switzerland       ✔ ✔ ✔           ✔           ✔       ✔     
44           ✔ ✔         ✔     Switzerland       ✔   ✔                       ✔   ✔       ✔ 
45           ✔ ✔ ✔       ✔     Switzerland       ✔   ✔           ✔           ✔             
46 ✔   ✔             ✔   ✔     Africa ✔ ✔                   ✔                       ✔ 
47           ✔   ✔       ✔     Netherlands       ✔ ✔ ✔       ✔ ✔ ✔                   ✔     
48       ✔                   ✔ Tanzania, Kenya, 
Madagascar 
✔       ✔                         ✔ ✔   ✔ ✔     
49 ✔               ✔         ✔ Panama     ✔   ✔                               ✔       
50         ✔ ✔       ✔     ✔   Brazil     ✔   ✔                                     ✔ 
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Ecosystem Services analyzed 
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1
6 
1
7 
1
8 
1
9 
2
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51           ✔       ✔   ✔ ✔   United Kingdom       ✔                 ✔                     ✔ 
52 ✔         ✔     ✔     ✔     Argentina     ✔                 ✔ ✔   ✔                 ✔ 
53           ✔     ✔     ✔     England       ✔ ✔ ✔           ✔                       ✔ 
54       ✔   ✔     ✔     ✔     USA       ✔           ✔   ✔                         
55           ✔     ✔       ✔   USA       ✔ ✔               ✔                       
56           ✔       ✔ ✔ ✔     USA       ✔                                     ✔   
57           ✔     ✔     ✔ ✔   USA       ✔                 ✔                       
58         ✔ ✔     ✔         ✔ Canada       ✔                                 ✔       
59           ✔ ✔         ✔     Israel       ✔ ✔ ✔           ✔                         
60           ✔   ✔       ✔     Germany       ✔                                     ✔ ✔ 
61 ✔ ✔ ✔     ✔     ✔     ✔     USA       ✔   ✔           ✔ ✔                 ✔   ✔ 
62 ✔         ✔     ✔         ✔ USA       ✔                 ✔                 ✔     
63           ✔     ✔     ✔     Germany       ✔ ✔   ✔     ✔                             
64 ✔   ✔ ✔           ✔   ✔ ✔   Multiple, Lower Mekong 
Basin 
✔ ✔ ✔   ✔ ✔ ✔     ✔     ✔ ✔       ✔         ✔ ✔ 
65         ✔ ✔   ✔       ✔     Germany       ✔ ✔ ✔       ✔   ✔           ✔       ✔   ✔ 
66 ✔     ✔             ✔ ✔     Global ✔ ✔ ✔ ✔ ✔         ✔   ✔                       ✔ 
67           ✔     ✔     ✔     Denmark       ✔                                   ✔   ✔ 
68           ✔         ✔ ✔     Global analysis ✔ ✔ ✔ ✔                         ✔               
69     ✔ ✔       ✔       ✔ ✔   Germany       ✔ ✔   ✔     ✔     ✔                       
70           ✔ ✔         ✔     France       ✔ ✔             ✔         ✔             ✔ 
71       ✔         ✔         ✔ USA       ✔ ✔                                       
72         ✔ ✔   ✔       ✔ ✔   Chile       ✔                 ✔                       
73           ✔     ✔     ✔ ✔ ✔ United States       ✔                                     ✔   
74 ✔     ✔   ✔   ✔       ✔ ✔   China     ✔     ✔       ✔   ✔ ✔ ✔                     
75           ✔     ✔     ✔     Costa Rica / USA     ✔ ✔                         ✔               
76 ✔                   ✔ ✔ ✔   Global ✔ ✔ ✔ ✔           ✔   ✔           ✔           ✔ 
77     ✔           ✔     ✔     USA       ✔ ✔                             ✔         
78         ✔ ✔ ✔         ✔     USA       ✔ ✔                                       
79       ✔   ✔     ✔     ✔     Spain       ✔                                     ✔   
80       ✔   ✔       ✔   ✔ ✔   United Kingdom       ✔               ✔ ✔       ✔       ✔     ✔ 
81       ✔         ✔     ✔     New Zealand       ✔               ✔ ✔ ✔         ✔         ✔ 
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m 
Country Type of 
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Ecosystem Services analyzed 
a b c d e f P L R N G T F M L L
M 
U H 1 2 3 4 5 6 7 8 9 1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
82 ✔     ✔   ✔       ✔   ✔     UK        ✔ ✔             ✔                       ✔ 
83           ✔ ✔         ✔     Chile       ✔                                   ✔     
84 ✔     ✔         ✔     ✔     Paraguay   ✔     ✔ ✔     ✔     ✔                 ✔ ✔     
85   ✔       ✔     ✔     ✔     Malaysia/Indonesia/Brune
i 
  ✔ ✔ ✔ ✔             ✔           ✔             
86           ✔         ✔ ✔     Global ✔ ✔ ✔ ✔ ✔         ✔   ✔                       ✔ 
87   ✔ ✔           ✔     ✔     USA       ✔               ✔                       ✔ 
88       ✔   ✔     ✔     ✔     USA       ✔               ✔ ✔   ✔     ✔           ✔ 
89 ✔         ✔   ✔       ✔     China     ✔                                         ✔ 
90           ✔     ✔     ✔     USA - Mexico     ✔ ✔                 ✔ ✔                     
91           ✔     ✔     ✔     South Africa     ✔   ✔         ✔                       ✔   ✔ 
92           ✔ ✔             ✔ USA       ✔ ✔                                 ✔   ✔ 
93 ✔               ✔     ✔ ✔   Kenya, Uganda, Tanzania, 
Rwanda and Burundi 
✔       ✔               ✔                       
94 ✔             ✔       ✔     Spain       ✔ ✔                             ✔ ✔ ✔   ✔ 
95           ✔   ✔       ✔     Spain       ✔                                     ✔   
96   ✔             ✔     ✔     Spain       ✔                                     ✔   
97           ✔         ✔ ✔ ✔ ✔ Global anlysis ✔ ✔ ✔ ✔                                     ✔   
98         ✔ ✔     ✔       ✔   Australia       ✔                 ✔                       
99 ✔               ✔     ✔ ✔   United States       ✔ ✔     ✔         ✔                 ✔     
10
0 
          ✔     ✔     ✔ ✔ ✔ Australia       ✔                                     ✔   
10
1 
✔             ✔       ✔     Germany       ✔                                     ✔   
10
2 
        ✔ ✔       ✔   ✔     USA       ✔ ✔ ✔           ✔ ✔                     ✔ 
10
3 
          ✔   ✔       ✔     Romania     ✔   ✔ ✔       ✔   ✔ ✔ ✔         ✔   ✔ ✔     
10
4 
✔       ✔   ✔         ✔     Indonesia   ✔     ✔                       ✔             ✔ 
10
5 
      ✔   ✔     ✔       ✔   USA       ✔                                     ✔   
10
6 
      ✔   ✔     ✔     ✔     Canada       ✔ ✔             ✔ ✔   ✔         ✔   ✔     
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a b c d e f P L R N G T F M L L
M 
U H 1 2 3 4 5 6 7 8 9 1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
10
7 
          ✔     ✔     ✔     Australia       ✔                                     ✔   
10
8 
          ✔   ✔           ✔ United Kingdom       ✔                                   ✔     
10
9 
          ✔   ✔           ✔ Azores, Portugal       ✔ ✔                                 ✔     
11
0 
✔         ✔     ✔     ✔     South Africa     ✔                 ✔                   ✔   ✔ 
11
1 
          ✔       ✔   ✔     UK       ✔                                     ✔   
11
2 
✔       ✔         ✔   ✔     Madagascar ✔                       ✔                     ✔ 
11
3 
          ✔ ✔         ✔     United Kingdom       ✔ ✔         ✔     ✔                 ✔   ✔ 
11
4 
          ✔           ✔ ✔   United Kingdom       ✔                                     ✔   
11
5 
          ✔ ✔         ✔     The Netherlands       ✔                     ✔                   
11
6 
          ✔     ✔     ✔     United States       ✔                               ✔   ✔     
11
7 
✔               ✔     ✔     USA       ✔               ✔     ✔                   
11
8 
          ✔     ✔     ✔     Tanzania ✔         ✔                                     
11
9 
✔   ✔           ✔     ✔ ✔   Uzbekistan and 
Turkmenistan 
  ✔ ✔   ✔         ✔                             
12
0 
          ✔ ✔             ✔ Nova Scotia, Canada       ✔               ✔                       ✔ 
12
1 
          ✔     ✔     ✔     Belgium       ✔                                     ✔ ✔ 
12
2 
    ✔     ✔     ✔     ✔     United Kingdom       ✔ ✔ ✔   ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔     
12
3 
      ✔       ✔       ✔     USA       ✔   ✔           ✔                       ✔ 
12
4 
    ✔               ✔ ✔     Tropical countries ✔ ✔ ✔                                       ✔   
12
5 
          ✔     ✔     ✔     USA       ✔                                 ✔     ✔ 
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a b c d e f P L R N G T F M L L
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1
7 
1
8 
1
9 
2
0 
12
6 
✔         ✔       ✔   ✔     Tanzania ✔                     ✔                         
12
7 
      ✔           ✔   ✔     Britain and countries 
within North and South 
America 
    ✔ ✔               ✔                       ✔ 
12
8 
✔         ✔       ✔   ✔     USA       ✔               ✔                         
12
9 
✔     ✔         ✔     ✔     Spain       ✔           ✔   ✔ ✔ ✔ ✔             ✔     
13
0 
          ✔   ✔       ✔     Netherlands       ✔ ✔           ✔                     ✔     
13
1 
  ✔ ✔           ✔     ✔     Indonesia   ✔                   ✔                       ✔ 
13
2 
      ✔   ✔   ✔       ✔     Spain       ✔                 ✔             ✔         
13
3 
✔             ✔       ✔     Costa Rica     ✔                     ✔ ✔                   
13
4 
✔   ✔         ✔       ✔     USA       ✔ ✔                                 ✔   ✔ 
13
5 
        ✔ ✔   ✔       ✔     China     ✔   ✔                         ✔           ✔ 
13
6 
        ✔ ✔ ✔             ✔ China     ✔   ✔     ✔       ✔   ✔   ✔               ✔ 
13
7 
    ✔ ✔   ✔     ✔         ✔ United States of America       ✔ ✔   ✔                             ✔     
13
8 
          ✔   ✔       ✔     Netherlands       ✔ ✔         ✔                     ✔ ✔   ✔ 
13
9 
✔         ✔   ✔ ✔     ✔     Netherlands       ✔ ✔                               ✔     ✔ 
14
0 
✔       ✔ ✔       ✔   ✔     Zimbabwe ✔         ✔                                     
14
1 
      ✔   ✔     ✔     ✔     China     ✔   ✔ ✔           ✔   ✔                     
14
2 
          ✔       ✔   ✔     Australia       ✔                                     ✔   
14
3 
✔                 ✔     ✔   Australia       ✔ ✔               ✔             ✔ ✔ ✔     
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0 
14
4 
          ✔     ✔     ✔     China     ✔   ✔         ✔ ✔   ✔                 ✔     
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Table B. 2 
Objectives: Means, Fundamental. Participatory objectives (Yes, No). Measures: performance measures or state indicators. Management actions: 
the study evaluates the consequences of alternative management actions (Yes, No). Tools to evaluate management actions: (i) Scenario analysis, 
(ii) Simulation analysis, (iii) Risk analysis, (iv) Conservation planning scenarios, (v) Multi-criteria analysis, (vi) Cost-effectiveness analysis. 
Participatory management alternatives (Yes, No). Assessment of trade-offs (Yes, No). Types of trade-offs analysis: Spatial correlation between 
ES (SC), Benefits and costs between management actions (BC), Possibility frontier analysis (PF). Prioritization of actions (Yes, No). Method for 
the prioritization of actions: Conservation planning (CP), Multiple objectives optimization (MO), Multi-criteria analysis (MC), Cost-Benefit 
analysis (CB). Decision (Yes, No). Type of decision: Financial incentives (Fi), Governance based incentive (G) Conservation strategies (Cs). 
When there is no decision, it means that the paper doesn’t involve the implementation of a policy or decision. 
 
ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
1 Means No State 
indicators 
Yes             No No       No         No       
2 Means No State 
indicators 
Yes ✔           No No       Yes       ✔ No       
3 Means No State 
indicators 
Yes   ✔         No No       No         No       
4 Means No State 
indicators 
Yes         ✔   Yes No       No         No       
5 Means No State 
indicators 
No             No No       Yes     ✔   No       
6 Means No State 
indicators 
No             No Yes ✔     No         No       
7 Means No State 
indicators 
No             No No       No         No       
8 Means Yes State 
indicators 
Yes ✔           No No       No         No       
9 Means No State 
indicators 
Yes ✔           No No       No         No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
10 Means No State 
indicators 
No             No Yes ✔     No         No       
11 Means No State 
indicators 
Yes ✔           No Yes ✔     No         No       
12 Means No State 
indicators 
Yes ✔           No Yes ✔     No         No       
13 Means No State 
indicators 
No             No No       No         No       
14 Means No State 
indicators 
Yes ✔           No Yes   ✔   Yes       ✔ No       
15 Means No State 
indicators 
Yes ✔           Yes No       No         No       
16 Means No State 
indicators 
No             No No       No         No       
17 Means No State 
indicators 
No             No No       No         No       
18 Means No State 
indicators 
Yes ✔ ✔         No Yes   ✔   No         No       
19 Fundamental Yes State 
indicators 
Yes           ✔ Yes Yes     ✔ Yes     ✔ ✔ Yes ✔     
20 Means Yes State 
indicators 
Yes ✔           Yes No       No         No       
21 Means No State 
indicators 
Yes         ✔   Yes Yes ✔     Yes     ✔   No       
22 Means No State 
indicators 
No             No No       No         No       
23 Means No State 
indicators 
No             No Yes ✔     Yes     ✔   No     ✔ 
24 Means No State 
indicators 
Yes   ✔         No No       No         No ✔     
25 Means No State 
indicators 
No             No No       No         No       
26 Means No Performance 
measures 
Yes       ✔     No Yes ✔     Yes ✔       No       
27 Means No State 
indicators 
Yes ✔           No No       No         No ✔     
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
28 Means No State 
indicators 
Yes ✔           No Yes ✔     No         No       
29 Fundamental No State 
indicators 
Yes   ✔         No Yes   ✔   No         No       
30 Means No State 
indicators 
Yes ✔           No No       Yes     ✔   No       
31 Means No Performance 
measures 
Yes ✔           No Yes   ✔   Yes ✔     ✔ No       
32 Means No State 
indicators 
Yes ✔           No No       No         No ✔     
33 Means No State 
indicators 
No             No No       No         No       
34 Means No State 
indicators 
No             No Yes ✔     No         No       
35 Means No Performance 
measures 
Yes       ✔     No Yes   ✔   Yes ✔       No       
36 Means No State 
indicators 
No             No Yes ✔     No         No ✔     
37 Means No State 
indicators 
No             No No       No         No       
38 Means No State 
indicators 
Yes         ✔   Yes No       No         No       
39 Means No State 
indicators 
Yes ✔           No No       No         No       
40 Means No State 
indicators 
No             No No       No         No       
41 Fundamental Yes State 
indicators 
Yes ✔           No No       No         Yes   ✔   
42 Means No State 
indicators 
No             No Yes   ✔   No         No       
43 Means No State 
indicators 
No             No No       No         No       
44 Means No State 
indicators 
Yes ✔           Yes No       No         No       
45 Means No State 
indicators 
Yes ✔           No No       No         No       
172 
 
ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
46 Means No Performance 
measures 
Yes         ✔   No Yes ✔     Yes ✔       No       
47 Means No State 
indicators 
No             No No       No         No       
48 Means No State 
indicators 
No             No Yes ✔     No         No       
49 Means No State 
indicators 
No             No No       No         No       
50 Means No State 
indicators 
No             No No       No         No       
51 Means No State 
indicators 
No             No Yes ✔     No         No       
52 Means No Performance 
measures 
Yes         ✔   No Yes ✔     Yes ✔       No       
53 Means No State 
indicators 
No             No No       No         No       
54 Means No State 
indicators 
Yes ✔           No Yes   ✔   No         No       
55 Means No State 
indicators 
No             No No       No         No       
56 Means No State 
indicators 
No             No No       No         No       
57 Means Yes State 
indicators 
Yes ✔           Yes Yes ✔     No       ✔ No       
58 Fundamental No State 
indicators 
No             No No       No         No       
59 Means No State 
indicators 
Yes   ✔         No No       No         No       
60 Means No State 
indicators 
No             No No       No         No       
61 Means No State 
indicators 
Yes ✔ ✔         No Yes   ✔   No         No     ✔ 
62 Means No State 
indicators 
No             No No       No         No       
63 Means No State 
indicators 
No             No No       Yes         No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
64 Means No State 
indicators 
Yes ✔ ✔         No Yes   ✔   No         No       
65 Means No State 
indicators 
Yes ✔           No No       No         No       
66 Fundamental No State 
indicators 
Yes       ✔     No Yes   ✔   Yes     ✔   No ✔     
67 Means No State 
indicators 
No             No No       No         No       
68 Means No State 
indicators 
No             No No       No         No       
69 Means No State 
indicators 
Yes ✔           No Yes     ✔ Yes   ✔     No       
70 Means No State 
indicators 
No             No Yes ✔     No         No       
71 Fundamental No State 
indicators 
Yes   ✔         No Yes     ✔ No         No       
72 Means No State 
indicators 
No             No No       No         No       
73 Means No State 
indicators 
No             No No       No         No       
74 Means No State 
indicators 
Yes ✔           No Yes ✔     No         No       
75 Fundamental No State 
indicators 
No             No No       No         No       
76 Fundamental No State 
indicators 
No             No Yes ✔     Yes     ✔   No       
77 Fundamental No State 
indicators 
Yes         ✔   No No       Yes     ✔   No       
78 Means No State 
indicators 
No             No No       No         No       
79 Means No State 
indicators 
No             No Yes ✔     No         No       
80 Means No State 
indicators 
No             No Yes ✔     No         No       
81 Means No Performance 
measures 
Yes   ✔         No Yes ✔     Yes ✔       No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
82 Means No Performance 
measures 
Yes         ✔   No Yes ✔   ✔ Yes ✔ ✔     No       
83 Means No Performance 
measures 
No             No No       No         No       
84 Means No State 
indicators 
Yes       ✔     No Yes   ✔   No         No     ✔ 
85 Means No State 
indicators 
No             No No       No         Yes   ✔   
86 Means No State 
indicators 
No             No Yes ✔     No         No       
87 Fundamental No State 
indicators 
Yes ✔           No Yes     ✔ Yes   ✔     Yes ✔     
88 Means No State 
indicators 
Yes ✔           Yes Yes     ✔ No         No       
89 Means No State 
indicators 
No             No No       No         No       
90 Means No State 
indicators 
No             No No       No         No       
91 Means No State 
indicators 
No             No No       No         No       
92 Means No State 
indicators 
No             No No       No         No       
93 Means Yes State 
indicators 
Yes ✔           Yes No       No         No       
94 Means No State 
indicators 
No             Yes No       No         No       
95 Means No State 
indicators 
No             No No       No         No       
96 Means Yes State 
indicators 
Yes ✔           Yes No       No         No       
97 Means No State 
indicators 
No             No No       No         No       
98 Means No State 
indicators 
No             No No       No         No       
99 Means No State 
indicators 
Yes ✔         ✔ No No       No         No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
100 Means No State 
indicators 
No             No No       No         No       
101 Means No State 
indicators 
Yes ✔           Yes No       No         No       
102 Means No State 
indicators 
Yes ✔           No No       No         No       
103 Means No State 
indicators 
No             No No       No         No       
104 Means No State 
indicators 
Yes   ✔         No No       No         No       
105 Means No State 
indicators 
No             No Yes ✔     No         No       
106 Means No State 
indicators 
No             No Yes ✔     No         No       
107 Means No State 
indicators 
No             No No       No         No       
108 Means No State 
indicators 
No             No No       No         No       
109 Means No State 
indicators 
No             No No       No         No       
110 Means No Performance 
measures 
Yes       ✔     No Yes   ✔   Yes ✔       No ✔     
111 Means No State 
indicators 
No             No No       No         No       
112 Means No State 
indicators 
No             No No       Yes     ✔   No       
113 Means No State 
indicators 
Yes ✔           Yes Yes ✔ ✔   No         No       
114 Means Yes State 
indicators 
No ✔           Yes Yes   ✔   No         No       
115 Means Yes State 
indicators 
No             No Yes ✔     No         No       
116 Means No State 
indicators 
No             No No       No         No       
117 Means No State 
indicators 
No             No No       No         No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
118 Means No State 
indicators 
No             No No       No         No       
119 Means No State 
indicators 
Yes ✔           No Yes ✔ ✔   No         No       
120 Means No State 
indicators 
No             No No       No         No       
121 Means No State 
indicators 
No             No Yes ✔     No         No       
122 Means No State 
indicators 
No             No No       No         No       
123 Means No State 
indicators 
Yes   ✔         No Yes ✔     Yes     ✔   No       
124 Means No State 
indicators 
No             No No       No         No       
125 Means No State 
indicators 
No             No No       No         No       
126 Means No State 
indicators 
Yes ✔           Yes No       No         No       
127 Means No Performance 
measures 
Yes       ✔     No Yes ✔     Yes ✔ ✔     No       
128 Means No State 
indicators 
No             No No       No         No       
129 Means No State 
indicators 
Yes     ✔       No Yes ✔     No         No       
130 Means No State 
indicators 
No             No No       No         No       
131 Fundamental No Performance 
measures 
No         ✔   No Yes   ✔   Yes ✔       No ✔     
132 Means Yes State 
indicators 
Yes   ✔         Yes No       No         No       
133 Means No State 
indicators 
No             No No       No         No       
134 Fundamental No State 
indicators 
Yes           ✔ No Yes     ✔ Yes   ✔     No ✔     
135 Means No State 
indicators 
No             No No       No         No       
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ID Objectives Participatory 
objectives 
Measures Management 
actions 
Tools to evaluate 
management actions 
Participatory 
management 
alternatives 
Trade-
offs 
Types of 
trade-off 
analyses 
Prioritization 
of actions 
Method for the 
prioritization of 
actions 
Decision Type of 
decision 
i ii iii iv v vi SC BC PF CP MO MC CB Fi G Cs 
136 Means No State 
indicators 
No             No No       No         No       
137 Fundamental No State 
indicators 
Yes ✔ ✔         No Yes   ✔ ✔ Yes     ✔   No       
138 Means No State 
indicators 
No             No No       No         No       
139 Means No State 
indicators 
Yes   ✔         No Yes ✔     No         No       
140 Fundamental Yes State 
indicators 
Yes ✔           Yes No       No         No       
141 Means No State 
indicators 
No             No Yes ✔     No         No       
142 Means No State 
indicators 
No             No No       No         No       
143 Means Yes State 
indicators 
Yes ✔           Yes No       No         No       
144 Means No State 
indicators 
No             No No       No         No       
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8.2  Supplementary material Chapter 3 
Appendix A: Methods behind the interviews. 
Part 1. List of Experts involved in the study 
We selected a set of 25 experts from a range of different disciplines, chosen because of their 
local and regional expertise of the study area and the research areas captured in the list of 
drivers. In November 2013, we contacted 25 experts by email and obtained 10 surveys 
completed. The experts were given one week to complete and email the interview back from 
when they agreed to participate. In the table below we present the field of expertise, 
background, research institution, gender and city of origin of the 10 anonymous experts 
interviewed.  
 
Field of expertise Background Institution Gender City 
Land-use and land 
cover change 
Professor in 
Geography and 
landscape planning 
(PhD).  
Geography 
department, 
Universidad de 
Chile 
Male Santiago 
Economics  
PhD. Economics, 
specialist in 
environmental 
economics and 
natural resources 
economics.  
Economics 
Department, 
Universidad de 
Chile 
Male Santiago 
Politics/environme
ntal Law 
Lawyer, specialist in 
environmental law.  
Environmental 
law Centre, 
Universidad de 
Chile 
Female Santiago 
Agricultural and 
resource 
Economics 
PhD in economics, 
environmental law 
specialist. 
Environmental 
Court of Santiago, 
Chile 
Male Santiago 
Cultural and 
behavioral changes 
Professor in 
philosophy and 
ecology. 
Institute of 
Ecology and 
Biodiversity 
(IEB) 
Male 
Punta 
Arenas 
Economic 
valuation of 
ecosystem Services 
Natural resources 
economics, rural 
development (PhD). 
Agronomy 
Faculty, 
Universidad 
Austral de Chile 
Female Valdivia 
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Species 
introductions or 
removals 
PhD. Biodiversity 
conservation, 
invasion ecology. 
Universidad de 
Concepcion 
Male Concepcion 
Urban expansion 
effects on 
ecosystems 
PhD in biological 
sciences specialized 
in ecology in 
fragmented 
landscapes. 
Institute of 
environmental 
and evolutive 
sciences. 
Female Valdivia 
Climate change 
Ph.D. Hydrology 
and M.Sc. Public 
Policy. Expert in 
climate change in 
hydrological 
resources 
Global Change 
Centre, 
Agronomy 
Faculty. 
Universidad 
Catolica de Chile 
Male Santiago 
Pollution in water 
bodies 
Master in Ecology. 
Specialist in 
limnology 
Ecological 
Sciences 
department, 
University of 
Chile 
Female Santiago 
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Part 2. Interview sent to the experts. 
Dear Expert,  
Please rank the main driving forces shaping changes in the ecosystems of Central Chile.  The 
drivers of change are those forces driving future change of ecosystems shaping the direction, 
magnitude and rate of change in the system. We have developed a list of drivers of change 
using the Millennium ecosystem assessment typology identifying those drivers that directly 
and indirectly cause changes in ecosystems (Nelson and Bennett, 2005). A direct driver directly 
influences the ecosystem structure and processes while the indirect drivers operate more 
diffusely by altering one or more direct drivers. 
 
Based upon the potential drivers of change in the following list, please rank from 1-5 those you 
consider to be affecting Central Chile region most, with 1 having the largest impact.  List 
any activities affecting that are not listed, and where they would rank among your top five 
impacts. Please document the reasoning of the ranking. Also we will ask you to document if 
there are relevant policy options to deal with these drivers (e.g. if the driver identified is 
atmospheric air pollution a potential policy option could be air quality standards) and if there 
are specific targets associated to these policies (e.g. by 2020 no air pollutant exceeds safe limits 
or meeting the Millennium Development Goals). 
 
There are no right or wrong questions; we are asking you for your informed assessment. This 
part of the survey should take 10-30 minutes to complete. You will be given one week from 
when the forms are sent to you to complete and email them. 
 
The proposal for this research has been approved by the Human Ethics Office of the University 
of Queensland. If you have any questions or queries, you may contact 
humanethics@research.uq.edu.au, Ph. +61 7 3365 4584. 
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Millennium 
Ecosystem 
Assessment 
type of drivers 
Groups of 
drivers  
Id. 
Potential drivers of change (storyline 
attributes) 
Indirect Drivers 
Demographic 
factors 
1 Human population growth  
   2 Increasing urbanization sprawl 
    3 
Human population migration from rural to 
urban areas 
  Economic factors 4 GDP growth in Chile 
    5 
Mining Expansion mainly for the production 
of copper 
    6 Agricultural expansion 
    7 Industrial fisheries growth  
    8 Inequity and increased poverty  
  Sociopolitical 9 
Lack of governance structure to deal with public 
concerns (e.g. education conflicts)  
    10 
Relaxation of environmental institutions and 
legal  framework 
    11 
Increased private sector participation in the use of 
natural resources (e.g. in water supply and water 
sanitation provision which has further reduced the 
role of the state).  
    12 
Relaxation of conservation and protected 
areas legislation 
  
Science and 
Technology 
13 
Agro-Technical changes (e.g. fertilizer use, pest 
control irrigation) 
   14 
Fisheries technical changes (e.g. technological 
improvements for massive extraction) 
    15 
Mining Technical changes (e.g. technological 
improvements for mining expansion) 
  
Cultural and 
behavioural 
changes 
16 
Increasing demand and use patterns of 
the population) 
   17 
Public attitudes, values and beliefs (e.g. lack of  
knowledge about the environment) 
    18 
Dominant cultural norm (art, 
philosophy, religion) 
Direct Drivers 
Land-use and 
land cover change  
19 
Land-use and land cover change because of the 
expansion of mining activities 
   20 
Land-use and land cover change because of the 
expansion of agricultural activities 
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Millennium 
Ecosystem 
Assessment 
type of drivers 
Groups of 
drivers  
Id. 
Potential drivers of change (storyline 
attributes) 
    21 
Land-use and land cover change because of 
infrastructure expansion (transport, settlements, 
markets, public service and private company) 
  
Species 
introductions or 
removals 
2 Introduction of non-native invasive species 
    23 
Endangered species threats because of land-use 
and land cover changes 
  Climate change 24 Climate change: temperature variations 
   25 Climate change: precipitation patterns 
   26 Climate change: UV changes 
    27 Climate change: sea level rise 
  Pollution 28 
Atmospheric air pollution 
(industry, transportation) 
Direct Drivers   29 
Pollution of surface waters (by sewage of 
domestic, agricultural and industrial origin).  
   30 
Ground Water Pollution (E.g. The excessive use 
of fertilizers and pesticides, which filter through 
to table water) 
   31 
Land pollution (trash and toxic dumping because 
urbanization and industrialization) 
    32 
Ocean Pollution (oil, chemicals, etc. From ships, 
ports, spills) 
  
Overexploitation 
of natural 
resources 
33 
Overexploitation of terrestrial natural resources 
(by agricultural and mining activities) 
   34 
Overexploitation of marine natural resources 
(industrial fishing, port development) 
    35 
Overexploitation of freshwater natural resources 
(agricultural, industrial and mining) 
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Based upon the potential drivers of change in the following list, please rank from 1-5 those you 
consider to be affecting Central Chile region most, with 1 having the largest impact. 
Potential drivers of 
change 
Rationale behind the 
selection 
Existent or potential 
policies related to 
these drivers 
Indicate (if there are) 
specific target 
associated to these 
policies 
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Appendix B: Detailed description of the AGB carbon content quantification and spatial 
distribution of the vegetation types 
 
Carbon was quantified based on a literature review of dry biomass estimates. The majority of 
studies available on the Mediterranean Chilean forest provide information on the dry biomass 
content for the most representative species and some of the most emblematic species of this 
region. Some examples of these species are Acacia caven (Aguirre and Infante 1988, Parra 
2001, Infor 2011, Cruz et al. 2014), Quillaja saponaria (Shaver 1983, Cruz et al. 2014), 
Lithraea caustica (Shaver 1983, Cruz et al. 2014), Peumus boldus (Aguirre and Infante 1988), 
Cryptocarya alba (Shaver 1983, Cruz et al. 2014), Nothofagus macrocarpa (Silva 1997, 
Donoso et al. 2010) and Austrocedrus chilensis (Infor 2011).    Because the available 
information provides data on dry weight biomass per specie, we made assumptions to transform 
the reported estimates in AGB carbon content for the forest types present in the study area per 
area (MgC/ha).   
 
We assumed that the forest types were mainly formed by the most representative species 
(Table B1). We assigned the dry biomass estimates of the species from the literature to the 
vegetation formations. In the literature, we found different densities (number of individuals per 
hectare) for forest cover categories in the Mediterranean Central region (Tapia 2005, Munoz et 
al. 2010): 300 individuals per hectare (forest cover 10-25%), 400 individuals per hectare (forest 
cover 25-50%), 600 individuals per hectare (forest cover 50-75%) and 900 individuals per 
hectare (forest cover 75-100%). According to these approximated densities, we transformed 
the values reported in the literature to dry weight of biomass per hectare (Table B2). Finally 
we transformed the AGB dry biomass weight into carbon content assuming that the carbon 
content was 50% of to the biomass content (Aalde et al. 2006). 
 
Table B1 
 
Vegetation formations Representative 
Mediterranean forest 
specie 
Bibliographic source 
Deciduous Forest Nothofagus macrocarpa,  
Nothofagus obliqua, 
Austrocedrus chilensis 
Donoso 2010, Silva 1997, 
Infor 2011 
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Sclerophyllous Forest Cryptocarya alba, Peumus 
boldus 
Shaver 1983, Cruz et al. 
2014, Infor 2011, Gotti 
2005,Aguirre and Infante 
1988  
Thorny forest Acacia caven, Lithraea 
caustica  
Cruz et al. 2014, Aguirre 
and Infante 1988, Parra 
2001, Shaver 1983 
Sclerophyllous Andean 
Forest  
Quillaja saponaria,  
Lithraea caustica   
Infor 2011, Cruz et al. 2014 
 
Table B2: Biomass carbon estimates derived from the forest types   
 
Vegetation 
formations 
Forest cover AGB C 
(Mg/ha) 
BG C 
(Mg/ha)ª 
Literature source 
Deciduous Forest Very open 10-
25% 
15.9 4.4 Donoso 2010, Silva 
1997 
Open 10-25% 20.3 5.7 
Semi closed 50-
75% 
31.9 8.9 
Closed >75% 48.1 13.5 
Sclerophyllous Forest Very open 10-
25% 
13.5 3.8 Shaver 1983, Cruz et 
al. 2014, Infor 2011, 
Gotti 2005 Open 10-25% 16.9 4.7 
Semi closed 50-
75% 
27.2 7.6 
Closed >75% 41.0 11.5 
Thorny forest Very open 10-
25% 
9.0 2.5 Cruz et al. 2014, 
Aguirre and Infante 
1988, Parra 2001 Open 10-25% 11.2 3.1 
Semi closed 50-
75% 
18.1 5.1 
Closed >75% 27.2 7.6 
Sclerophyllous 
Andean Forest 
Very open 10-
25% 
16.3 4.6 Infor 2011, Cruz et al. 
2014 
Open 10-25% 20.3 5.7 
Semi closed 50-
75% 
32.8 9.2 
Closed >75% 49.4 13.8 
ªroot shoot ratio according to the IPCC (2006). 
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Appendix C:  Digital Elevation Model used in the viewshed analysis and the viewpoints used for 
the quantification of scenic beauty  
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Appendix D: Summary of the explanatory environmental variables used in the bioclimatic 
suitability models 
 
Environmental 
component 
Explanatory variables ID 
Dependent 
variables 
Source of 
information 
Climate 
variables 
Annual Mean 
Temperature 
Bio1 Wine 
GCMs from the 
CMIP5* 
 Isothermality 
(BIO2/BIO7) (* 100) 
Bio3 Fire 
GCMs from the 
CMIP5* 
 
Total Growing Degree 
days (above 10 °C)  in 
growing season 
GDD Wine 
GCMs from the 
CMIP5* 
 
Temperature 
Seasonality (standard 
deviation *100) 
Bio 4 Wine 
GCMs from the 
CMIP5* 
 
Max Temperature of 
Warmest Month during 
growing season 
Bio 5 
Carbon, 
Wine 
GCMs from the 
CMIP5* 
 Min Temperature of 
Coldest Month 
Bio 6 Carbon 
GCMs from the 
CMIP5* 
 Temperature Annual 
Range (BIO5-BIO6) 
Bio 7 Carbon 
GCMs from the 
CMIP5* 
 Mean Temperature of 
Wettest Quarter 
Bio 8 Carbon 
GCMs from the 
CMIP5* 
 Mean Temperature of 
Driest Quarter 
Bio 9 Carbon 
GCMs from the 
CMIP5* 
 Mean Temperature of 
growing season 
Bio 10 
Carbon, 
Wine, Fire 
GCMs from the 
CMIP5* 
 Mean Temperature of 
Coldest Quarter 
Bio 11 Carbon 
GCMs from the 
CMIP5* 
 Annual Precipitation Bio 12 
Carbon, 
Wine 
GCMs from the 
CMIP5* 
 Precipitation of Wettest 
Month 
Bio 13 Carbon 
GCMs from the 
CMIP5* 
 Precipitation of Driest 
Month 
Bio 14 Carbon 
GCMs from the 
CMIP5* 
 
Precipitation 
Seasonality (Coefficient 
of Variation) 
Bio 15 Carbon 
GCMs from the 
CMIP5* 
 Precipitation of Wettest 
Quarter 
Bio 16 Carbon 
GCMs from the 
CMIP5* 
 Precipitation of Driest 
Quarter 
Bio 17 Carbon 
GCMs from the 
CMIP5* 
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Environmental 
component 
Explanatory variables ID 
Dependent 
variables 
Source of 
information 
 Precipitation growing 
season 
PtGS 
Carbon, 
Wine, Fire 
GCMs from the 
CMIP5* 
 Precipitation of Coldest 
Quarter 
Bio 19 Carbon 
GCMs from the 
CMIP5* 
Topography Digital elevation model DEM Carbon 
Shuttle Radar 
Topography 
Mission (SRTM) 
with a 90 meter 
resolution (Jarvis et 
al. 2008) 
Soil Soil classes Soil_classes Wine 
Comisión Nacional 
de Riego, Proyecto 
Maipo (Agrolog-
Chile 1981) 
Human related 
patterns 
Distance to cities Dist_cities Fire 
Instituto 
Geográfico Militar 
de Chile 
 Distance to roads Dist_roads Fire 
Instituto 
Geográfico Militar 
de Chile 
Hydrology Distance to rivers Dist_river Wine 
Instituto 
Geográfico Militar 
de Chile 
Vegetation 
land cover categories 
with vegetation 
(agricultural land, forest 
plantations, open forest, 
dense forest, open 
shrubland and 
dense shrubland) 
Veg Fire 
CONAF-
CONAMA-BIRF 
2014 
*Pliscoff et al. (2014) for baseline climate conditions and Global Climate Models (GCMs) from the 
fifth phase of the Coupled Model Intercomparison Project (CMIP5) for projections in WORLDCLIM, 
http://www.worldclim.org (Pachauri et al. 2014). 
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Appendix E: Number of sample points and relevant predictor variables used to project the 
potential distribution of wine, fire and carbon (forest types) under the climate change scenarios 
RCP 2.6 and RCP 8.5  
Dependent 
Variables 
Random 
Points 
Variables 
Included 
Per cent 
contribution 
Permutation 
importance 
AUC 
Wine 3 to 5 ton/ha 122 soil_classes 59 33 0.955 
   bio10 17 49.8   
   bio5 9.7 10.1   
   gdd 8 1.8   
    bio1 6.3 5.2   
Wine 6 to 8 ton/ha 100 soil_classes 61.2 17.5 0.957 
   gdd 14.2 0.6   
   bio5 11.2 32.2   
   bio1 9.7 44.5   
    bio12 3.7 5   
Wine 9 to 10 
ton/ha 
102 soil_classes 89.6 24.1 0.956 
   bio4 5.6 7   
   bio10 2.5 0.1   
   bio1 1.3 64.7   
    PtGS 1.1 4.1   
Wine 11 to 16 
ton/ha 
34 Soil_classes 77.3 13.4 0.951 
   bio10sa 13.2 70.9   
    gddsa 9.5 15.7   
Fire   dist_cities 65.9 34.7 0.854 
   bio10 22.4 29.1   
   bio3 6.4 14   
   dist_road 2.5 13.7   
   PtGS 1.8 4   
    Veg 1.1 4.5   
Open Deciduous 
Forest 
254 bio13 45.5 70.4 0.986 
   DEM 29.7 24.7   
   bio8 12.4 0   
   bio16 7.1 3.9   
    bio6 5.3 1   
Open 
Sclerophyllous 
Forest  
4808 bio17 43.4 19.3 0.809 
   bio14 22.1 15.5   
   bio15 16.2 6.8   
   bio4 8.6 19.6   
   bio5 5.6 17.5   
    DEM 4 21.2   
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Dependent 
Variables 
Random 
Points 
Variables 
Included 
Per cent 
contribution 
Permutation 
importance 
AUC 
Open 
Sclerophyllous 
Andean forest  
855 bio15 25.7 3.1 0.949 
   bio19 21.2 30.7   
   bio7 16.3 8.5   
   DEM 15.4 20.3   
   bio4 12.3 21.3   
   bio11 3.9 3.6   
   bio9 3.3 4.4   
    bio8 2 8.2   
Open Thorny 
forest  
1256 PtGS 66.8 64.6 0.926 
   bio7 16.1 11.7   
   bio4 15.6 21.6   
    bio11 1.5 2.2   
Closed Deciduous 
forest  
225 DEM 39.7 82.1 0.988 
   bio13 35.1 6.4   
   bio4 19.5 9   
    bio16 5.7 2.5   
Closed 
Sclerophyllous 
forest  
1486 bio14 40.4 4.9 0.917 
   bio15 14.6 3   
   bio4 10.9 21.4   
   DEM 8.9 20   
   bio16 8.7 30.1   
   bio10 6.9 16.1   
   bio13 5.3 2   
    bio6 4.3 2.3   
Closed 
Sclerophyllous 
Andean forest 
440 DEM 18.8 32.5 0.973 
   bio15 17 35.8   
   bio19 14.8 6.1   
   bio4 14.4 5.2   
   bio17 9.8 0.5   
   bio13 8.7 4.2   
   bio6 8 0.4   
   bio8 5.1 0.5   
    bio18 3.4 14.7   
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Dependent 
Variables 
Random 
Points 
Variables 
Included 
Per cent 
contribution 
Permutation 
importance 
AUC 
Closed Thorny 
forest  
303 bio9 22.9 0.6 0.969 
   bio10 20.6 53.6   
   bio19 15.8 25.9   
   bio7 15.5 8.3   
   bio6 11.8 4.5   
   bio16 9.6 5.1   
    DEM 3.8 2   
Very open 
Deciduous forest  
116 bio13 39 18.7 0.993 
   DEM 23.3 32.2   
   bio15 16 47.1   
   bio4 14.1 1.8   
    bio8 7.6 0.1   
Very Open 
Sclerophyllous 
forest  
1457 PtGS 43 36.2 0.898 
   bio15 14 1.8   
   bio17 11.9 2.9   
   bio4 11.5 21   
   bio14 9.2 13   
   bio5 7.9 20.4   
    DEM 2.5 4.7   
Very Open 
Sclerophyllous 
Andean forest  
688 DEM 18.3 36.7 0.957 
   bio7 17.5 6.8   
   bio4 15.2 15.6   
   bio19 11.6 6.4   
   bio15 10.3 4.4   
   bio14 9.2 2.9   
   bio9 8.3 0.7   
   bio13 7.1 22.1   
    bio11 2.4 4.4   
Very open Thorny 
forest  
791 PtGS 50.9 9.1 0.944 
   bio7 22.7 15.9   
   bio4 12.6 24.6   
   bio19 5.4 17.2   
   bio15 4.3 13.9   
   bio10 3 10   
    DEM 1 9.2   
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Dependent 
Variables 
Random 
Points 
Variables 
Included 
Per cent 
contribution 
Permutation 
importance 
AUC 
Semi-closed 
Deciduous Forest  
223 bio13 37.3 13.2 0.988 
   DEM 22.1 58.2   
   bio17 21.3 20.7   
   bio15 10.8 1.6   
   bio8 5.6 1.6   
    bio12 3 4.7   
Semi-closed 
Sclerophyllous 
Forest  
2935 bio14 39.3 6.9 0.869 
   bio15 22.3 0.8   
   DEM 10.7 36.9   
   bio4 8.8 13.8   
   PtGS 8.3 17   
   bio5 5.5 16.9   
    bio10 5.1 7.8   
Semi-closed 
Sclerophyllous 
Andean forest  
678 bio15 23.4 14.3 0.959 
   DEM 19.8 53   
   bio4 12.7 5.8   
   bio13 10.2 7.2   
   bio8 10.1 1.1   
   bio19 8.5 7.7   
   bio9 8 1.8   
   PtGS 5.5 5.8   
    bio16 1.9 3.4   
Semi-closed 
Thorny Forest  
437 bio15 31.7 14.4 0.951 
   bio10 18.1 17   
   bio14 13.6 4.8   
   bio4 11.4 21.1   
   bio13 11.3 20.1   
   bio9 7.5 3.2   
   bio7 4.1 8.1   
    bio11 2.4 11.2   
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Appendix F: marginal response curves for the top response variables included in the maxEnt 
models for carbon, wine and fire. 
Carbon  
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Fire 
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Appendix G: Spatial distribution of the vegetation types in the study area under baseline conditions 
and the four scenarios A, B, C and D. 
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Appendix H: Location of the viewpoints used for mapping scenic beauty. 
ID X Y Type Name 
1 269863.7 6238846 Commune Loica Abajo 
2 270022.9 6243063 Commune El Prado 
3 273723.3 6247042 Commune San Pedro 
4 274837.4 6236300 Commune Loica Arriba 
5 284745.1 6262320 Commune Codigua 
6 287092.7 6257943 Commune Mandinga 
7 287754 6267423 Commune Huechun Bajo 
8 293777.4 6278831 Commune San Jose de Maipo 
9 294772.1 6270436 Commune Melipilla 
10 294792.7 6283518 Commune Bollenar 
11 295567.9 6264031 Commune Chocalan 
12 296928.4 6292482 Commune Malalhue 
13 297591 6267122 Commune Carmen Bajo 
14 300539.1 6273831 Commune Pomaire 
15 302093.4 6302583 Commune Curacavi 
16 302809.6 6289374 Commune Maria Pinto 
17 302848.1 6286250 Conservation    
18 303035.9 6261166 Commune Cholqui 
19 303366.7 6294228 Commune El Bosque 
20 305201.9 6296062 Commune Santa Luisa 
21 307065.3 6295490 Commune Los Rulos 
22 307266.1 6232560 Commune Villa Alhue 
23 310530.8 6348086 Conservation    
24 311460.9 6306668 Conservation  Los Canelos 
25 312001.1 6282810 Commune Santa Teresa 
26 312309 6347886 Conservation  Santuario de la Naturaleza Cerro el Roble 
27 314865.9 6232600 Commune El Asiento 
28 315397.5 6271246 Commune El Monte 
29 317498.1 6220704 Conservation  Reserva Nacional Robleria Cobre de Loncha 
30 317876.5 6245802 Conservation  Reserva Natural Protegida Altos de Cantillana 
31 317913.7 6323279 Conservation  Altos de Chicauma 
32 319999.7 6337812 Commune Tiltil 
33 321473.6 6273682 Commune Talagante 
34 323500.3 6345990 Commune Rungue 
35 324331.2 6264207 Commune Isla de Maipo 
36 324668 6314977 Commune Lampa 
37 324722.2 6259996 Commune Villa Las Mercedes 
38 325515.3 6280226 Commune Penaflor 
39 325642.9 6253627 Conservation  Agua del Leon 
40 325778.4 6312739 Conservation  Hacienda Lipangue 
41 326102.4 6250226 Commune Pintu 
42 326408.9 6268745 Commune Lonquen 
43 327422.3 6297801 Commune Lomas de Lo Aguirre 
44 327448.5 6313300 Commune Sol de Septiembre 
45 328096.9 6257794 Commune Valdivia de Paine 
46 328445.3 6351404 Commune Montenegro 
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ID X Y Type Name 
47 328482.2 6251844 Commune Abrantes 
48 329959.8 6307644 Commune La Primavera 
49 331462 6321615 Commune Batuco 
50 332222.7 6331816 Commune Huertos Familiares 
51 332429 6284583 Commune Padre Hurtado 
52 332576.6 6314051 Commune Lo Castro 
53 332612.2 6335129 Commune Santa Matilde 
54 332968.1 6280419 Commune San Ignacio 
55 333068.8 6320526 Commune Santa Sara 
56 333625.9 6261259 Commune Viluco 
57 335426.4 6290425 Commune Maipu 
58 335818.2 6297937 Commune Pudahuel 
59 336008.5 6314158 Commune El Taqueral 
60 336445.9 6344379 Commune Chacabuco 
61 336767.5 6252522 Commune Champa 
62 336792.2 6277461 Commune Calera de Tango 
63 337198.8 6351066 Conservation  Fundo Romeral 
64 338096.4 6300599 Commune Cerro Navia 
65 338143.1 6320791 Commune Santa Marta de Liray 
66 338540.8 6251180 Commune Hospital 
67 338715.6 6257757 Commune Paine 
68 338873.9 6307834 Commune Quilicura 
69 339200.2 6336933 Commune Quilapilun 
70 339391.4 6266167 Commune Buin 
71 339857.1 6297910 Commune Lo Prado 
72 340122.8 6317704 Commune Lo Pinto 
73 340499.3 6292056 Commune Cerillos 
74 340760.5 6302799 Commune Renca 
75 341136.9 6262134 Commune Cerillo 
76 341584.3 6295665 Commune Estacion Central 
77 342535.9 6268765 Commune Los Tilos 
78 342599.4 6322118 Commune Manuel Rodriguez 
79 342957.5 6282014 Commune San Bernardo 
80 343231.7 6289860 Commune Lo Espejo 
81 344055.5 6305004 Commune Conchali 
82 344105.5 6324898 Commune Colina 
83 344274.5 6258430 Commune 24 de Abril 
84 344361 6293074 Commune Pedro Aguirre Cerda 
85 344414.2 6285316 Commune El Bosque 
86 344958.9 6301617 Commune Independencia 
87 345503.6 6289062 Commune La Cisterna 
88 345806.5 6313946 Commune El Alba 
89 345822.4 6327092 Commune Esmeralda 
90 345969.6 6297313 Commune Santiago 
91 346352.3 6247667 Commune Chada 
92 346386.9 6260776 Commune El Transito 
93 346619.7 6292437 Commune San Miguel 
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ID X Y Type Name 
94 347456.7 6288903 Commune San Ramon 
95 347563 6302374 Commune Recoleta 
96 347855.8 6255685 Commune Huelquen 
97 347908.4 6283988 Commune La Pintana 
98 347961.5 6306558 Commune Huechuraba 
99 348718.8 6292344 Commune San Joaquin 
100 348795.5 6252679 Commune Escorial 
101 349117.4 6288850 Commune La Granja 
102 350326.4 6299106 Commune Providencia 
103 350969.3 6302580 Conservation  Jardin Botanico Chagual 
104 350977.5 6296489 Commune Nunoa 
105 351004 6293340 Commune Macul 
106 352810.9 6288744 Commune La Florida 
107 354056.6 6277462 Commune Pirque 
108 354112.9 6304699 Commune Vitacura 
109 354564.7 6302214 Commune Las Condes 
110 354615.9 6282173 Commune Puente Alto 
111 356014.6 6293480 Commune Penalolen 
112 356278.6 6298163 Commune La Reina 
113 357554 6266840 Commune El Principal 
114 359159.2 6308312 Commune Lo Barnechea 
115 359870.9 6297858 Conservation  Centro Cantalao 
116 363036.6 6270770 Conservation  Santuario de la Naturaleza Las Torcazas de Pirque 
117 363078.3 6269823 Conservation    
118 363807.3 6282571 Commune La Obra 
119 366148.5 6262267 Conservation  Reserva Nacional Rio Clarillo 
120 367786.3 6283645 Commune El Canelo 
121 370422.3 6322790 Conservation  Santuario de la Naturaleza San Enrique y Los Nogales 
122 374061.4 6283984 Conservation  Central de Trabajo Rio Colorado 
123 374550.6 6276603 Commune San Jose de Maipo 
124 376734.6 6261517 Conservation  Santuario de la Naturaleza Cascada de las Animas 
125 377694.4 6263385 Conservation    
126 378130.6 6265672 Conservation  Cascada las Animas 
127 380667.2 6319016 Conservation  Santuario de la Naturaleza Fundo Yerba Loca 
128 385383.8 6261295 Commune San Gabriel 
129 386488.3 6323374 Conservation    
130 391478.4 6311798 Conservation    
131 400748.6 6261686 Conservation  Monumento Natural El Morado 
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8.3 Supplementary material Chapter 4 
 
 
 
Supplementary Figure A: Average number of visitors per year (y axis) vs average photo user days 
per year (x axis). Trend line equations are non-linear fits of the untransformed data plotted on log-
log axes.  
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Supplementary Figure B: Home location of the visitors to protected areas in the Mediterranean 
region and the administrative division of communes of the country 
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8.3  Supplementary material Chapter 5 
Table 5.3. Representation of the 34 forest ecosystem types under the four conservation scenarios 
 
Forest ecosystem types 
Baseline 
(%) 
Min. 
cost 
(%) 
SA 
(%) 
Trade-
off (%) 
Total 
(km²) 
1. Mediterranean Andean deciduous forest 
Nothofagus alpina and N. obliqua 
8 17 17 17 978 
2. Mediterranean Andean deciduous forest 
Nothofagus pumilio and N. obliqua 
29 29 29 29 923 
3. Mediterranean Coastal  deciduous forest 
Nothofagus obliqua and Gomortega keule 
9 17 17 17 373 
4. Mediterranean Andean deciduous forest 
Nothofagus glauca and N. obliqua 
2 17 17 17 859 
5. Mediterranean Andean deciduous forest 
Nothofagus obliqua and Austrocedrus chilensis 
10 17 17 17 3943 
6. Mediterranean Coastal  deciduous forest 
Nothofagus glauca and Azara petiolaris 
0 21 20 19 156 
7. Mediterranean Coastal  deciduous forest 
Nothofagus glauca and Persea lingue 
1 23 19 24 429 
8. Mediterranean Coastal  deciduous forest 
Nothofagus macrocarpa and Ribes punctatum 
24 25 24 25 755 
9. Mediterranean deciduous forest Nothofagus 
obliqua and Cryptocarya alba 
3 17 17 17 1460 
10. Temperate Andean deciduous forest 
Nothofagus alpina and Dasyphyllum 
diacanthoides 
6 17 17 17 2463 
11. Temperate Andean deciduous forest 
Nothofagus alpina and N. dombeyi 
21 21 22 23 1341 
12. Temperate Andean deciduous forest 
Nothofagus pumilio and Araucaria araucana 
33 33 33 33 3350 
13. Temperate Andean deciduous forest 
Nothofagus pumilio and Azara alpine 
26 26 26 26 3332 
14. Temperate Coastal deciduous forest 
Nothofagus alpina and Persea lingue 
2 17 17 17 943 
15. Temperate deciduous forest Nothofagus 
obliqua and Persea lingue 
2 17 17 11 3510 
16.Temperate Coastal deciduous forest 
Nothofagus obliqua and Laurelia sempervirens 
1 15 11 13 1152 
17. Sclerophyllous Andean forest Kageneckia 
angustifolia and Guindilia trinervis 
14 17 17 17 1368 
18. Sclerophyllous Andean forest Lithrea 
caustica and Lomatia hirsuta 
3 17 17 17 845 
19. Sclerophyllous Andean forest Quillaja 
saponaria and Lithrea caustic 
7 17 17 17 1698 
20. Sclerophyllous Coastal forest Cryptocarya 
alba and Peumus boldus 
6 17 17 17 3228 
21. Sclerophyllous Coastal forest Lithrea 
caustica and Azara integrifolia 
2 17 17 17 942 
22. Sclerophyllous Coastal forest Lithrea 
caustica and Cryptocarya alba 
2 18 28 18 1389 
23. Sclerophyllous forest Lithrea caustica and 
Peumus boldus 
0 17 16 17 575 
24. Sclerophyllous forest Quillaja saponaria 
and Fabiana imbricate 
0 16 18 17 196 
203 
 
25. Mediterranean Andean thorny forest 
Acacia caven and Baccharis paniculata 
3 30 30 30 534 
26. Mediterranean Coastal thorny forest Acacia 
caven and Maytenus boaria 
0 17 17 17 992 
27. Mediterranean  thorny forest Acacia caven 
and Lithrea caustic 
0 17 6 17 527 
28. Mediterranean  thorny forest Acacia caven 
and Prosopis chilensis 
4 17 17 17 552 
29. Broad-leaved coastal forest Aextoxicon 
punctatum and Laurelia sempervirens 
4 11 11 11 118 
30. Broad-leaved forest Nothofagus dombeyi 
and Eucryphia cordifolia 
0 14 15 16 122 
31. Temperate coastal forest of  Nothofagus 
dombeyi and N. obliqua 
1 17 17 17 1108 
32. Temperate Andean forest Araucaria 
araucana and Festuca scabriuscula 
10 17 17 17 1130 
33. Temperate Andean forest Araucaria 
araucana and Nothofagus dombeyi 
40 40 40 40 2772 
34. Temperate coastal forest of Araucaria 
araucana 
31 32 32 33 281 
Forest ecosystems types (total area km2) 12 21 21 21 44343 
 
 
